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FOREWORD 
The "Third Workshop on Plasma and Laser Physics" was held in Ismai1ia in 
October 1993. It was organized jointly by the Plasma Physics Department of the 
Egyptian Atomic Energy Authority, which sponsored the event with great 
commitment, and the Institute 0/ Plasma Physics on behalf of the International 
Bureau 0/ the Forschungszentrum !ülich GmbH It followed two fruitful seminars 
held in 1987 and 1990. 
This time, many invited lectures were focused on tokamak physics, in tribute 
to the forthcoming installation of the first Egyptian tokamak EGYPTOR, to be 
operated by the AE.A in the Nuclear Research Center in Cairo. This will 
provide a very good opportunity in the future for students and young scientists to 
become acquainted with modern techniques and with the physics underlying the 
fusion research. Continuing the subjects of the second workshop, other lectures 
dealt with various aspects of spectroscopy, of plasma focus devices and of gas 
discharges. They should be understood as an important complement to these 
previously discussed topics. 
The same spectrum of scientific themes can be found in the contributed 
papers, which demonstrate the active participation and high interest of the 
Egyptian scientists and laboratories in these workshops. 
All presentations were followed by informal discussions, wh ich brought 
additional information to the understanding of the most re cent measurements. 
An overview of the central fields was given by four of the lecturers, in the frame 
of the final panel discussion. The main ideas of their talks can be found in the 
summaries which round off the proceedings. 
First of all, we are indebted to Prof F. Hammad for his strong support and 
comrnitment to the organization of this workshop. It also gives me pleasure to 
thank heartily our Egyptian hosts, especially the Organizing Committee of the 
AE.A and the University 0/ Suez in Ismailia for their kind hospitality and perfeet 
organization, which led to the great success of the seminar. My thanks also go to 
the Chairmen of the conference and to the local Scientific Committee, who faced 
the difficult task of refereeing the different contributions. The helpful support of 
the International Bureau in !ülich was very much appreciated and is herewith 
gratefully acknowledged. 
I hope the present proceedings will prove a valuable tool in documenting the 
fruitfullectures and discussions of this conference. 
Jülich, January 1994 Ph. Mertens 
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DISTINGUISHED GUESTS, 
LADIES AND GENTLEMEN 
Welcome, to this closing session. Special welcome to distinguished 
scientists from Germany who honored us by their presence. We are 
pleased to have with us: 
- From KFA: Prof Hintz, Dr. Bogen, Dr.Rogister, Dr. Mertens and Dr. 
Decker 
- From University of Dusseldorr~ Prof Uhlenbusch 
- From Ruhr University in Bochum : Prof. Kunze 
It gives me pleasure to be with you in this closing session of 
the third Egyptian-German seminar on Plasma and Laser Physics. As 
you know, today is the 6th of October which is an important day in 
Egyptian history. We are celebrating today the 20th anniversary of 
the 1973 victory which constitutes the beginning of elimination of 
the consequences of 1967 Suez war. 
Suez 
On the Egyptian Side, 
Canal Zone which was 
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Sinai is back followed by Taba. This 
heavily devastated in 1967 is now 
flourishing. The Suez Canal University, to which we are grateful, 
for excellent cooperation and excellent facilities accorded to us, 
have progressed immensely in the last two decades. 
On the Palestinian Side the "Gazza - Jericho First" agreement is 
a break through towards peace in the Middle East which will be 
followed by other steps in this direction. It is my belief that 
peace is eventual. The 6th of October victory has paved the way to 
peace and to the future . I would like, however, to caution that 
there is still a long way to go and sustained efforts and enduring 
work yet to be undertaken. 
We as scientists are celebrating this day in a scientific way, 
by thinking together about the future. This seminar on Plasma, 
Laser and Nuclear Fusion is a serious look to the future. These 
fields constitute bases in many key future technologies. Fusion is 
promised to be an important energy source for the future. We are 
discussing future action plans in these important fields of 
knowledge. 
LADIES AND GENTLEMEN 
This seminar is held in the framework of Egyptian - German 
cooperation. It has created strong linkages between scientists and 
institutions in both countries and it has led to considerable 
- 5 -
improvement of seienee in these fields . These series of seminars 
have become an institution in its own right, an institution that we 
revere, and we work hard here for its continuity. For the future, 
we propose to establish an Egyptian-German Plasma Physics standing 
eommitte whieh meets regularlys to evaluate und follow up projccts 
of mutual interest and to ereate more linkages between Germany and 
Egypt in these fields . 
An important result of the German-Egyptian cooperation is the 
establishment of Fusion Laboratory based Oll the Small Tokomak from 
University of Dusseldorf the UNITOR. This Tokomak is now at 
Alexandria, and it ha s now a new name: EGYPTOR. 
I take this chance to officially thank all those who supported 
and worked towards the transfer of this laboratory to AEA. I would 
I ike to mention in particular Prof. Uhlenbusch and his grollp from 
Dusseldorf University with great appreciation would I like also to 
mention Mr.Nentwich and Prof. Hintz from the KFA. Julich also with 
great appreciation, and 
important cornerstone in 
Physics. 
thanks. This laboratory consti tutes an 
our bilateral cooperation in Plasma 
FRIENDS AND COLLEAGUES. 
All my German colleagues know that I have worked consistently 
and persistently tO\vards a strong scienti f ic cooperation between 
Germany and Egypt at any position I held. When I vJ<lS worJdng for 
the metallurgy department, or for the Nuclear Safety Centre and now 
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for the whole Authority. This cooperation is growing stronger with 
time and this gives me great satisfaction indeed. The Egyptian-
German cooperation is an ideal example of cooperation between south 
and North. 
On the behalf of the AEA and her institutions, I express to 
all my colleagues from Germany, our indebtedness and gratitude for 
interest and support. All Scientific knowledge, experience and 
wisdom gained through our cooperation is available to other 
scientists and institutes in Egypt through the network for Plasma 
Physics which I enjoy participation in their deliberations. 
LADIES AND GENTLEMEN 
concerning the next seminar I think we are in a position-in 
view of the experience gained - to organize a seminar to discuss 
Plasma science and technology and fusion in developing countries. 
The coming period is witnessing a large scale international 
cooperation in nuclear fusion aiming at building ITER. It is 
important for the developing countries to review the current 
situation, and the status of Rand D in their countries and to 
ponder together possible areas as weIl as ways and means to 
contr ibute to this international fusion efforts. The Egyptian-
German Cooperation as a model for North-South cooperation is 
equipped to manage such a seminar. 
Last but not least, my thanks go to all those who have worked 
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towards the successful implementation of this workshop either from 
the German side or the Egyptian side. I would like to express my 
thanks to the President of the Suez Canal university, the Dean of 
Faeulty of Scienee and the chairman and staff of the physics 
department for their support, help 
exeellent faeilities. 
and eooperation, extending 
I would like also to extend my thanks to Professors Massoud, 
Ell<halafawy, Sherif and many other for their hard vlOrk, which 
resulted in this successful seminar 
Thanks to you all-
May peaee be upon you. 
- 8 -
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SPEED 1 and SPEED 2 
Fast high voltage plasma focus experiments 
G. Decker and W. Kies 
Institut für Experimentalphysik 
Heinrich-Heine-Universität Düsseldorf 
I Introduction 
Plasma focus experiments have attracted considerable attention 
almost immediately after their description by Fillipov [1] and 
Mather [2, 3]. The typical plasma focus device is outlined in 
fig. 1. 
driver (energy source) 
\f--rr========;:=:::=:::" ___ =, 
-LT - [ __ u_" \j '\ 
(' ~IIIIIIIZZi '1 1 focus 
'-'-'- _._._ ... V _. -
I /uz~Z!~.:. 721) / ,/ ~~=============I==========~,/ 
insulator 
Fig. 1. Typical plasma focus device (the current car-
rying sheath is indicated at different times: ignition, 
run-down , compression) 
An arrangement of two coaxial cylindrical electrodes is filled 
with deuterium gas. By means of spark gaps a condenser bank is 
switched onto the electrodes, a plasma sheath forms, is driven 
along the electrodes and collapses to the plasma focus proper 
in front of the center electrode. The interest was almost 
entirely founded on the large neutron emission if operated with 
deuterium or deuterium tritium mixtures combined with a 
favourable scaling with bank energy (fig. 2) or more physical 
with pinch current (fig. 3). 
Fig. 2. 
devices 
Fig. 3. 
devices 
Neutrons 
12 per s hot 
10 
109 
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The graphs are taken from references 4 and 5. A survey compri-
sing a very detailed comparison is to be found in ref. 18. 
Relatively little attention has been paid to the question of 
load (the plasma focus) and source or driver (mostly a conden-
ser bank) relation. 
SPEED 1 and SPEED 2 are devices which specifically adress this 
issue. 
The driver or energy source is characterized by its capacitance 
C, inductance La' voltage U, quarter cycle time or current 
risetime 1/4 , energy content W, short circuit current 1a and 
impedance Z and their respective well known relations; in par-
ticular W = X CU2 Z = f(La/C) 
1/4 X7r f(LaC) 1a = f(2W/La) 
1f the empirical scaling law for the neutron yield Y 
Y IX W2 
would be generally adopted, large neutron yield could be most 
easily obtained by increasing W (no matter whether the factors 
U2 or C produce the desired W). 1f the scaling law were rather 
Y IX 1~ decreasing Lo or increasing W would be equally benefi-
cial. (And because of 10 IX fW, both scaling laws were equiva-
lent) . 
1t should be pointed out that historically the typical effort 
has gone into increasing the energy Wand the short circuit 
current 10 by increasing essentially the capacitance C, (simul-
taneously also decreasing the inductance La) but with little 
change of the voltage. 
But it is necessary to consider the load behaviour, because for 
the physics the actual current through the plasma 1p is for all 
processes probably the most important parameter. 
After switching of the bank onto the load ignition in the gas 
(mostly a sliding discharge along the insulator) takes place. 
We have a rapidly decreasing ohmic resistance (R) and rather 
low inductance (L) as load. When the plasma sheath moves by 
j x B forces along the electrodes, its impedance is essentially 
given by the increase in inductance. The time derivative of 
inductance ("Ldot") is typically constant and about equal to 
- 14 -
20 mn for an average device, with negligible ohmic contribution 
("run- down-phase") . 
Finally the pla sma is compressed (preferably at the time around 
current maximum) to typically mm (radius) x cm (length) dimen-
sions. The impedance increases rapidly by increasing inductance 
(and possibly also by increasing, anomalous ohmic resistance). 
The impedance of the load is a strong function of time and will 
also strongly influence the maximum attainable pinch current I p 
and its time behaviour. 
In a simpel model (fig. 4) the current I p is determined by 
I = v/ (R + Ldot + Z) p 
If Z « Ldot + R, the current is almost entirely load deter-
mined, the source is a "voltage source". 
This case happens very easily with a bank of large capacitance 
and small inductance ("MJ-bank"). The attainable current is 
then load determined and will be much smaller than the short 
circuit current I o = V/Z. 
Z = .f(LO/C) L(t) 
--" I p 
R (t) 
Driver Load 
Fig. 4. Simple pinch discharge equivalent circuit 
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11 SPEED 1 
SPEED 1 (and SPEED 2 as well) follow the philosophy that the 
driver should have a large impedance compared to Ldot during 
the run-down phase and also for most of the discharge time. It 
should be a "current source": 
1000 
...., 
-'" . , 
ii; 
"-CI) 
c 
CI) 
10 
I p m I o = U/Z = r(2W/Lo)' with (Z > Ldot). 
cooslvoltage 
• • 
F • S L 
• Sa 
S 
_ ----- --- - - ----_P" consLcunent • 
• 
S 
norm.impedance Z/Ldot 6 
• 
D 
• D 
Fig. 5. Energy vs driver-load impedance ratio for seve-
ral plas~a focus devices: F-Frascati. Sa-Sandia. L-
Limeil. S-Stuttgart. Da-Darmstadt. D-Düsseldorf SPEED 1 
and SPEED 2. 
Figure 5 shows for a variety of devices the impedance ratio 
Z/Ldot with Ldot being the value of impedance during run-down. 
Obviously a current source calls for a small capacitance. small 
inductance. high voltage scheme. The consequences of a "short" 
current rise time and a large initial current derivative Idot = 
U/Lo is a high power input P in particular already at ignition 
(P = U x Idot x t) . 
- 16 -
The following data have been chosen and are compared with a 
conventional device of similiar energy and inductance, but only 
20 kV. 
SPEED 1 conv. device 
(typical) 
Energy W [kJ] 20 30 
Voltage Uo [kV] 160 20 
Capacitance C [JlF] 1. 56 150 
Inductance La [nH] 40 50 
Short circuit current 1 0 [MA] 1. 25 1.1 
Pinch current I p [MA] 1.1 0.55 
Initial current rise Idot [TAls] 4 0.4 
Current rise time 114 [ns] 400 4300 
Impedance Z [mfl] 160 20 
For further technical details see reference 8. 
With this device we have studied a number of questions. Here we 
will discuss: 
1) Is plasma focus operation with this short time scale (only 
400 ns to current maximum) possible considering the fact 
that a comparable device might have 3 - 4 Jls available for 
ignition, sheath formation, run-down and compression? 
2) Are there special effects due to the high power input? 
3) Can SPEED 1 be used to solve the "polarity riddle", which 
is that plasma foci only operate properly with the center 
electrode being anode? 
The following short comments can be made, further details being 
given in the references [6, 7, 8]. 
1) Successful operation is possible, provided the dimensions 
are scaled properly, in particular very short length of the 
centre electrode (65 mm) is needed. We also find a surpri-
singly large pressure range with neutron production (1 -
10 hPa of D2). The "current dip" because of compression is 
very small but fast as seen in fig. 6. 
30 
_ 20! 
> 
~ 
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Fig. 6. Comparison of conventional plasma focus device 
and SPEED 1 [8] 
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2) We calculate the energy input during the first 50 ns of the 
SPEED 1 discharge to be ~ 1 kJ because of the large input 
power (about 2 orders of magnitude more than in the conven-
tional device). This apparently leads to a very thin 
sheath, which we observe in the compression phase by means 
of schlieren images, compare fig. 7. 
The schlieren set up comprises a mode locked dye laser with 
$ 100 ps emission time and pulse separation of 5 ns . 
Typically 2 - 3 pulses (= 2 - 3 exposures) per discharge 
are separated out by means of an image converter camera 
(fig. 8). 
Whereas conventional devices easily can withstand small 
admixtures (% range) of impurities and sometimes even 
improve their performance with e.g. some argon added, 
SPEED 1 can only be operated with pure deuterium fillings 
« 10-4 impurity level). (see also SPEED 2 experiments) 
3) The polarity riddle (7) 
Focus devices are normally operated with the inner elec-
trode (IE) as anode. Interchange in polarity causes signi-
ficant decrease (several orders of magnitude) in neutron 
yield. Further signs of an effective focussing: sudden fall 
of current, voltage spike, burst of hard X-rays etc. at 
pinch time are also missing. The reason for this behaviour 
was not clear. 
On interchanging the polarity from the normal operation 
(positive inner electrode) we found that with negative 
inner electrode the neutron yield dropped not by three and 
more orders of magnitude as is commonly observed with con-
ventional slow devices but only by two orders of magnitude. 
Further investigations revealed that dynamics of the pinch 
is predetermined by conditions prior to breakdown and 
during sheath build up. Parameters of importance are 
initial current rise, filling pressure, insulator material, 
geometry of the breakdown region etc. 
Especially the radial electric field has a strong influence 
on sheath build up and causes the phenomena at the inter-
change of polarity via different direction of acceleration 
of charged particles. 
- 19 -
Fig. 7 . Schlieren picture (SPEED 1) shortly before com-
pression; showing very thin sheath; 3 exposures 
MODE - LOCt<ED 
DYE LASC:R 
DODCI / 
Mi,.,.o,. °Y· / L"mp 
PINCH 
PLASMA 
SCHLIEREN 
ARRANGC:.'oIENT 
Schli e,. . n 
L. n. 
Se"m 
St"p 
1m"ge 
C"nve,.t.,. 
Fig. 8. Schematic set-up of the schlieren diagnostic 
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The strong influence of this electric field on neutron pro-
duction via sheath structure is demonstrated by comparison 
of neutron yield YN versus deuterium pressure PD2 ön inter-
changing polarity for two cases: with and without shielding 
of the electric field from the insulator surface. The 
latter case is achieved by means of a thin copper foil as 
shown in fig. 9b. 
Results of these four different operation conditions are 
shown in fig. 10 . Curve 1 (E; > 0) was obtained with the 
experimental set up according to fig. 9a. Curve 4 results 
from the same set up/ but with opposite polarity. The 
maxima of neutron output differ by two orders of magnitude. 
Curves 2 and 3 (Er ~ 0) were obtained with the set up 
according to fig. 9b. Without the radial electric field the 
maxima of neutron output differ only by a factor of appro-
ximately six or seven. 
OE CO PPER 
FOll 
(a) (b) 
Fig. 9. Accelerator geometry of the plasma focus device 
SPEED 1 (inner electrode IE, outer electrode OE); (a) 
unshielded, (b) shielded 
10' 
10' 
5 6 po/mbar 
Fig. 10. Neutron yield YN versus deuterium filling pressure p~. (1) positive polarity, (2) positive pola-
rity shielded, (3) negative polarity shielde d, (4) 
negative polarity. 
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This quasi similar behaviour is also demonstrated by the 
waveform of the current derivatives. The sudden fall at 
pinch time - sign of effective focussing - is as steep with 
negative inner electrode as with positive inner electrode. 
111 SPEED 2 
1) Data of the device 
SPEED 2 was built after establishing the fact that as could be 
shown with SPEED 1 fast high voltage plasma focus operation is 
feasible. 
The main objective was to establish pinch operation at higher 
current levels. maintaining as far as possible the above men-
tioned "current source" condition. 
The following table gives bank parameters. The actual operating 
value for the voltage was in the 180 - 230 kV range with 
correspondingly initial reduced values for current and current 
rise. 
Summary of SPEED 2 driver characteristics 
Energy (max.) 
Vol tage (max.) 
Capacitance 
Inductance 
Short circuit current (max.) 
Initial current rise 
Current rise time 
Impedance 
Wo [kJ] 
Uo [kV] 
Co [J.LF] 
La [nH] 
1 0 [MA] 
Iodot [A/s] 
10/4 [ns] 
Zo [nill] 
187 
300 
4.16 
15 
5 
2 x 
400 
60 
Pinch currents were so far typically 1.5 - 2.5 MA. 
2) Deuterium operation 
1013 
In contrast to SPEED 1 considerable difficulties in establi-
shing a proper sheath (at the insulator) were experienced. This 
is believed to be due to the even higher input power 
(> 100 GW). Several schemes have been tried [10]. presently 
pyrex insulators with Alz03 surfaces (plasma sprayed) are the 
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best choice. (The pyrex mate rial provides the necessary 
strength against electric breakthrough across the insulator, 
the Al203 layer gives satisfactory sheath properties.) 
A neutron yield of up to 10 12 per shot (in deuterium) has been 
obtained. However conditions for the expected neutron yield ( > 
10 13 ) have not yet been achieved. 
This is mainly due to two limitations: a technological limit 
(i) and more seriously a physical limit (ii). 
(i) Above a critical limit of power input sheath break up takes 
place after formation . This power limit depends on insula-
tor material and conditioning of its s u rface as weIl as on 
gas and surface contamination. [10) 
(ii) Since the neutrons stern from a beam-target fu s ion reaction 
mechanism the fusion efficiency is inherently limited so 
that empirical scaling laws can only b e valid in a limited 
parameter range. 
Overcoming the technological limit by bette r insulator material 
and/or surface conditioning procedures may result in an neutron 
enhancement by an order of magnitude or so . Unfortunately, the 
beam-target mechanism limits the fusion potential of dynamical 
pinches. 
Alternative fusion concepts like quasi - static pinches (e.g . 
fibre pinches) have therefore been investigated [15, 16, 17). 
3) Soft X-ray emission 
In order to exploit the potential of SPEED 2 as soft X-ray 
source, operation with heavy gases has been performed. Large 
fluxes of soft X-rays are required for many applications. These 
include solid state physics experiments, X-ray laser pumps, X-
ray lithography for silicon chip manufacture, and X-ray micro-
scopy . Most of these applications and many others are currently 
served by multiuser synchrotron facilities. Many users would 
welcome the availability of a small low-cost soft X-ray source 
dedicated to a single user. Pulsed z-pinch plasmas have been 
very successful sources of this radiation [12, 13, 14). 
The soft X-ray emission of typical focus plasma comes from a 
pinch colurnn with radial dimensions of a few millimeters and 
centimeters in length. The typical density of this plasma is 
10 25 m-3 , the temperature a few hundred eV and the lifetime is 
typical 100 ns. In the case of deuterium ernbedded high Z plas-
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mas the majority of the soft X-ray comes from a small (sub- rom 
range), dense (about solid state density), hot (keV tempera-
ture) and short-lived (ns range) strongly emitting regions 
known as "micropinches" or "hotspots". These micropinches were 
not observed with pure hydrogen (deuterium), but only by using 
heavy gases (e.g., argon, krypton) or admixtures. Various for-
mation mechanisms have been proposed such as radiative collapse 
and electron beam interactions, however micropinches are still 
not well understood. We have studied micropinches with a 
variety of space, spectral, and time resolved diagnostics. 
For the experiments reported here the bank energy was typically 
70 kJ and the pinch current larger than 1 MA. 
Unfortunately a feature of SPEED 2 is the high power input ren-
dering sheath formation difficult if heavy gases are used. 
Because of this apremixed filling gas, like deuterium + heavy 
gas, cannot produce a strongly radiating pinch. Such "contami-
nation" causes filamentation, sheath breakup and poor pinch 
structure. In order to maintain all the benefits of excellent 
sheath structure and power coupling we injected the doping gas 
into the filling gas through a hole in the anode a few milli-
seconds be fore the discharge (fig. 11). 
cathode- -
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Fig. 11. Scheme for argon injection into deuterium 
plasma focus 
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Most experiments have been done with Ar injection. 
The following diagnostics have been employed: 
Image converter camera for visible light 
Pinhole camera for X-rays 
Pinhole camera with grating for X-rays (for coarse 
wavelength resolution) 
Quartz crystal spectrometer (for high wavelength resolu-
tion) 
X-ray streak camera 
Calibrated pin-diodes with X-ray mirrors (for very soft X 
radiation) 
Pulsed 4- frame channelplate camera for VUV and soft X-rays 
A selection of results is given: 
1) Micropinches can easily be produced from Ar, Kr, Xe but not 
in N2 , Ne and pure deuterium. 
2) The micropinches are surrounded by a halo, which is made up 
of softer X-radiation as seen in fig. 12. 
Fig . 12. X-ray pinhole picture 
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3) Visible plasma structure: fig. 13 shows four pictures in 
the visible taken by an image converter camera. As can be 
seen in fig. 13a the plasma sheath during compression shows 
the same behaviour as known from pure deuterium discharges. 
In fig. 13b, c and d a bright core can be seen caused by 
the injected argon. 
Fig. 13. Image converter picture taken at different 
times (5 ns exposure) 
4) Total soft X-ray yield 
Estimates of the amount of emission from the pinch were 
made using X-ray film. The total emission in the region of 
0.2-1.2 nm is of the order of several tens of Joule. 
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5) Lifetime of micropinches (measured by streak camera) . 
Values down to 300 ps have been measured. fig. 14 shows a 
typical streak picture. 
Fig. 14. X-ray streak picture showing the temporal 
development of micropinches (the large crosshatched 
circle is an artefact) 
6) He- and H-like spectra from Ar could be observed. Figure 15 
shows an example with emission around 0.4 nm. 
From these spectral data ne = 10
28 
- 10 29 m-3 (above solid 
state density!), Te Z 1 - 1.5 keV could be deduced . 
0.3948 0.3968 0.3993 J... / nm 
Fig. 15 . Time-integrated X- ray spectrum. The spectrum 
consists of the resonance \ (0 . 3948 nm) and intercom-
bination Ay (0.3968 nm) lines o f He-like Ar XVII ions 
and the dielectronic satellites in Li-like Ar XVI ions 
(j satellit, \ 0.3993 nm). 
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7) With X-ray mirrors (selectively reflecting certain 
wavelength bands with A/AA ~ 50 - 100) and calibrated pin-
diodes large emission in the very soft X-ray regime could 
be established (e.g . ~ 45 J in the so called water window 
(A between 2.3 and 4.4 nm), where X-ray microscopy is pos-
sible). Typical emission in several wavelength bands is 
shown in fig. 16. 
Er./J 
40 
30 
20 
10 
n n_n 0 
2.0 2.5 3.0 I-./nm 
Fig. 16. Calculated radiation energy 
8) Whereas little structure is to be seen in the visible 
range, c~annelplate pictures taken in the VUV show very 
highly structured emission patterns (fig. 17). 
(a)t=15ns (b) t = 20 ns (e) t = 25 ns d) t = 30 ns Ce) 
Fig. 17. Channelplate pictures at different times (t=O 
~ maximum compression) and X-ray pinhole picture (e) 
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From these pictures and by comparison with X-ray pinhole 
pictures we conclude that the micropinches are initiated 
where constrictions of the plasma colurnn (due to m=O -
instabilities) occur. This condition seems necessary but 
not sufficient since not every constriction leads to a 
micropinch. 
IV Resume 
SPEED 1 and SPEED 2 experiments have shown successful operation 
of fast high voltage plasma focus experiments. Current sources 
(inste9d of voltage sources) are favourable drivers for dynarni-
cal pinches. Conditions for efficient neutron and soft X-ray 
production have been established. The potential of dynamical 
pinches as neutron sources seems to come to a limit, their 
potential as soft X-ray source deserves further intensive 
exploitation. 
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1. Introduction 
Spectroscopy is a powerlul tool to diagnose plasmas and has played and will 
continue to playa major role in plasma physics research. At the first workshop we 
introduced and discussed the essential principles [1]. The physical information is 
contained in the spectral emission coefficient E(r,v), which gives the radiant energy 
emitted by a unit volume of the plasma per unit time , per unit solid angle, and per 
unit of Irequency v . An observer collects radiation along the line of sight and in 
general absorption 01 radiation will occur, which has to be taken into account. This 
leads, neglecting scattering, to the equation of radiative transfer 
dL(x, v) = [e(X, v) - K(X , v)L(x, v)]dx . (1 ) 
L(x,v) is the spectral radiance (sometimes referred to as intensity) in W / m2 sr Hz, 
and K(X,V) is the local absorption coefficient (Eq. (6) of Rel . [1]). It is convenient to 
introduce the differential increment of the optical depth '! by 
dT(V) = -K (x, v)dx, 
and the equation of radiative transfer assumes the well-known form 
dL(x, 1') 
dr(v) L(x, v) - S(x, v) 
(2) 
(3) 
where S(x,v) = E(X,V) / K(X,V) is the source function; it is the ratio 01 the emission 
coefficient to the absorption coefficient. The solution of Eq.(3) yields the spectral 
radiance L(O,v) = L(v) at the plasma surface x = 0, i.e . the quantity which is mea-
sured. It is given by [2 ,3) 
..(,,) 
L(v) = f S(x, v)e'1(XI' ) dT. (4) 
o 
The integration is along the line 01 sight into the plasma, although it should correctly 
be along an actual ray trajectory , II we introduce x' = -x, '!(x' ,v) is given by 
x' 
r(X' , v) = f K ((, v)d(, (5) 
o 
and the optical depth T(V) 01 a plasma slab of thickness D is obtained by T(D,v) , 
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A general solution of Eq.(4), however, is not possible because of several dif-
ficulties. Emission and absorption coefficient of a spectral line may not have the 
same dependence on frequency and, wh at is most crucial, the absorption process 
may influence the level populations of atomic species and hence has to be coupled 
with the kinetic equations, which govern these population densities. A solution is 
readily given, when the plasma is homogeneous, i.e. S(v) is uniform: 
(6) 
The optical depth along the line of sight is simply 't(v) = K(V) D. 
The plasma is said to be optica/ly thick at a frequency v, when -r(v) » 1. In 
this case, the spectral radiance of a homogeneous plasma is identical to the source 
function, L(v) = S(v) . If the plasma also absorbs all radiation incident upon it at this 
frequency and it is in L TE (see section3), it must emit radiation at this frequency like 
a "blackbody" and source function and spectral radiance are given by the Planck 
function. Since this is uniquely determined by the temperature, this plasma para-
meter can be measured in this way. 
In the opposite limit, "t(D,v) « 1, we call the plasma optica/ly thin. Expansion 
of the exponential function in Eq.(6) yields 
L(v) = S(v) T(D, v) = S(v) K(V) D = e(v) D, (7) 
or for an inhomogeneous plasma 
D 
L(v) = f e(x', v)dx'. (8) 
o 
We now consider an optically thick and inhomogeneous plasma. By repeated 
partial integration of Eq.(4) one obtains in the limit T(V) ...... 00 
d d2 
L(v) = S(O,v) + dTS[T(X'V),v]lr(,-, )~o + dT2S[T(X'V),v] l r (x ., ) ~o+ ... (9) 
On the other hand, MacLaurin's theorem yields 
d I 1 d
2 
I S[ T(X, v) = 1, v] = S(O, v) + - Sr T(X, v), v] + - - sr T(X, v), v] + .. (10) dT r(x. p) = 0 2 d~ r(x. ,) = 0 
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We eombine both equations and obtain 
1 d2 
L( 1') = S[ 7(X, 1') = 1, 1'] + 2" dr2 S[ 7(X, IJ), I' ]IT(x,,) = 0 + (11 ) 
i.e . for plasmas with a large optieal depth -r(v) the observed speetral radianee L(v) at 
the surfaee is approximately equal to the souree funetion at the position Xl in the 
plasma, where the optieal depth r(x l ,v) = 1, provided that the higher order terms do 
not eontribute too much . This fact has to be observed in the analysis of all observa-
tions: the speetral radiance measured in different spectral regions corresponds to the 
souree function at different positions Xl = x l (v) along the li ne of sight in the plasma! 
2. General properties of an emission spectrum 
We continue our discussion with a typical emission speclrum from a labora-
tory plasma as depicted in Fig .1 [4] . It consists of conlinuous bremsstrahlung and re-
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Fiq. 1: SChematic of a typi -
cal emission spectrum 
Wavolength ),(nm) 
Fig. 2: Spectral radiance of capillary 
discharge at peak emission 
combination radiation superposed by li ne ra-
diation . We now visualize the plasma 10 be 
homogeneous and to increase steadily its 
depth in the direction of observation. The 
spectral radiance will increase until it 
reaches the Planck value of the blackbody 
emission according to the existing tempera-
ture. This will occur first at long wave-
lengths since the optical depth for brems-
strahlung increases there like 
7(>") cx ,..? (12) 
It is adviced to reeord the spectrum 
over some extended spectral interval in or-
der to verify that the emission indeed has 
approached the respective Planck value . 
Figure 2 shows the spectrum from a capil-
lary discharge made of polyacetal at the time 
of maximum emission [5]. The emission was 
averaged over many disellarges and cali-
brated absolutely. The spectral radianee 
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scales with L(A) oe A -4 in the Rayleigh-Jeans regime. In the optically thin spectral 
region the wavelength dependence is weaker, L(A) oe A- 2 . Figure 2 of Ref. [6] dis-
plays the continumm emission from a z-pinch over a large spectral range between 
0.2 and 10 )lm, and optically thin and optically thick spectral regions are weil 
represented by respective straight Iines in a logarithmic plot. The point of intersection 
of both lines corresponds to a value of the optical depth -r(v) "" 2.5 [6]. The Planck 
function is practically reached at a frequency where -r(v) "" 4. 
The temperature thus is readily obtained from any spectral radiance mea-
sured in the optically thick spectral region. Once this has been accomplished, a mea-
surement of the spectral radiance in the optically thin part of the free-free continuum 
leads to the electron density provided the geometrical thickness of the plasma is 
known [7,8]. The relevant relations have been discussed at the first workshop [1]. It 
certainly has to be checked that no lines are present in the selected spectral interval. 
In the spectral region from high to low optical depth, -r(v) can be directly measured 
by observing, for example, the attenuation of laser beams after they traversed the 
plasma. In this way, the average electron density along the line of sight can be 
derived from the absorption coefficient, in addtion [9]. 
As pointed out above, the emission is certainly changed in the case of an in-
homogeneous plasma even in the spectral region of high optical depth . The spectral 
radiance cannot be fitted anymore to a single Planck curve. Each value of L(v) 
yields, however, the temperature at that position x1 in the plasma, where the 
respective optical depth just is one, see Eq.(11), and to a Iimited extent a 
temperature distribution within the plasma may be derived. 
At long wavelengths, finally, the emission drops either rapidly below that of the 
blackbody when the electron plasma frequency is reached, or it can also be 
enhanced due to turbulence in the boundary layer of the plasma. 
If we return to the scaling of the optical depth of the free-free continuum 
radiation with wavelength A, (Eq.12), it becomes obvious that at shorter wavelengths 
the optical depth will go rapidly to zero. This is different for line radiation . In the 
case of Doppler broadening of the lines given by the temperature of the plasma ions, 
the optical depth of the li ne center Ao scales like 
(13) 
where f1u is the absorption oscillator strength and nl is the density of the ions in the 
lower level I of a transition. The scaling with wavelength is weaker, and even short-
wavelength lines having a large oscillator strength may become optically thick at 
moderate ion densities nl. The optical depth -r(v) , however, varies strongly over the 
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profile of a line; it refleets the absorption line profile funetion and may remain very 
low on the far wings of the line . 
We consider again, at first, a homogeneous plasma with a source function in-
dependent of frequeney and visualize the plasma depth to inerease steadily. Figure 3 
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sion eoefficient has a Gaussian shape. With increasing optieal depth the radianee 
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sition of CIV obtained from a gas liner pinch for 
different carbon concenlration 
develops which broadens along the Planck 
curve. The term opa city broadened is some-
times used to deseribe the speeific line 
shapes at the intermediate opt ieal depths. A 
eriterion for the optical thin approximation to 
be valid to within, say, 10% with respect to 
the peak intensity of a line may be obtained 
by expanding the exponential in Eq.(6) : 
L(v) = S{v) [T(V) - ; T2(V) + .... ] 
(14) 
e{ v ) 0 [1 -; T( v) + .. .. ] 
The optical depth has to be, therefore, 
't(v) ::; 0.2. As long as this condition is full-
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filled on the wings, the spectral radiance will increase there linearly with 't(v) even if 
the line center has reached already the Planck value . Figure 4 shows the spectral 
radiance for the case of an intrinsic Lorentzian profile . The far reaching wings of 
such a profile make a difference . 
Figure 5 finally diplays examples of experimental results. The spectral radi-
ance of the 2s-2p resonance transitions is shown as obtained from discharges in the 
gas-liner pinch [10) . The discharges were in hydrogen, and carbon was added in the 
form of methane with increasing amounts. 80th components grow until their radiance 
reaches the blackbody value; the flat top develops and broadens and the two lines 
finally merge. 
Multiplets are very useful in the assessment of the optical depth . The 
intensity ratio of their components usually is weil known for the free atoms and ions, 
and any deviation will indicate the magnitude of the self-absorption, the strongest 
component being most affected . Within limits the optical depths of the individual 
components can even be derived. 
On the other hand, if a plasma is seeded with atomic species having high 
absorption coefficients for ground state atoms or ions, the respective resonance 
transitions easily become optically thick and their spectral radiance allows a 
temperature measurement. With respect to applications, these plasmas can be 
used thus as high-power sources radiating at the blackbody radiance in narrow 
spectral regions [11). 
Fig . 6: Branching ratio of two fines 
wilh common upper level 
A convenient possibility to analyze quantita-
tively the total self-absorption of a line is offered by 
a second li ne from the same upper level ending, 
however, at another high-Iying level, which usually 
is much less populated. If, in addtion, the absorp-
tion oscillator strength is also much weaker, this 
transition will hardly be influenced by absorption . A 
comparison of the measured ratio of the total 
radiances of both Iines with that of the optically thin 
limit, wh ich is given by the ratios of transition pro-
babilities and frequencies (branching ratio) , yields 
directly the desired information [12]. 
We now turn to inhomogeneous plasmas but still stay with those cases, 
where the local source function S(x,v) is not influenced by absorption, wh ich cor-
responds to the condition, that the levels involved are in thermodynamic equilibrium 
[1] . We further assume, that the source function increases monotonically from the 
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surface towards the center of the plasma; this holds for many plasmas and 
corresponds to the case that the temperature increases in this direction. Figure 7 
Fig . 7: Self - reversal of lines emitled 
from inhomogenous plasmas 
shows the development of the spectral radi-
ance of such a plasma, when the optical 
depth is increased. The intrinsic line shape 
was kept constant, and the calculations were 
for a cylindrically symmetrie plasma [7]. The 
effect of self-reversal of the line shape is 
characteristic of these conditions. The profile 
1:1 with "0 == 0.25 still corresponds to an opti-
cally thin case . The line shape with "2 has al-
ready an optical depth of 1 at the line center. 
The spectral radiance never reaches the 
Planck value L(A) == 1 but the top flattens at 
a value of the spectral radiance between 0.63 and 0.83 depending on the details of 
the temperature profile within the plasma column. For larger optical depths the dip at 
the center develops. The two reversal maxima of the line shape remain ap-
proximately at the same level and their position ,,* corresponds to an optical depth of 
1:(" *) == 2. For the profile 1:5 we have 1:0 == 8, and the dashed li ne indicates the profile 
in the case of a homogeneous plasma. 
The theory and the diagnostic application have been first worked out by 
Barteis [13] and are discussed in Ref. [7] . A more recent review may be found in Ref 
[14]. A temperature can be derived from the spectral radiance Lmax of the two 
reversal maxima. This is related to the maximum value Smax of the source function 
along the line of sight: 
(15) 
K is a complicated function of the optical thickness and of the degree of the plasma 
inhomogeneity. However, the value of K is rather insensitive to the temperature pro-
file in the plasma as long as it is monotonie; Eq.(15) thus allows relatively easily to 
obtain the maximum temperature along the li ne of sight. Using observations at dif-
ferent chordal distances from the axis of a plasma column may even lead to the tem-
perature profile . 
Finally one has to consider the influence 01 macroscopic plasma motion. 
Respective effects are encountered in rapidly expanding laser-produced plasmas 
and in micropinches. Only velocity gradients are of interest since a uniform velocity 
field cannot have any physical effect. Gradients, however, reduce the optical depth 
at the li ne center due to the added Doppler shifts. A general treatment is very 
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difficult, but a rather simple theory exists for the limit of large velo city gradients. It is 
called Sobelev theory after its originator [15] . It applies when the plasma length is 
very large compared to the Sobolev length 'c' which is defined as the distance over 
which the li ne profile just is shifted through its own width. 
3. Radiative transport in non-L TE plasmas 
In non-L TE plasmas absorption of radiation modi fies the population densities 
of the atomic levels. This is not restricted to the lower and upper level of the respec-
tive transition but all levels are influenced wh ich are coupled directly or indirectly by 
radiative and collisional transitions. A general treatment thus requires that the equa-
tion of radiative transfer is coupled with the kinetic equations which govern the popu-
lation densities of all levels . In addition, scattering of radiation has to be taken into 
account when calculating effective emission and absorption coefficients. The amount 
scattered in a given direction at a certain position in the plasma depends on the 
radiation at that point coming from all directions. It is obvious that a general solution 
will be impossible . 
In many laboratory plasmas, however, only the resonance lines are optically 
thick and influenced by absorption. In this case a simplified approach is possible, 
which considers a two-Ievel atom with the population densities nu and nl of upper 
and lower level, respectively . Emission and absorption coefficients are given by 
hl' 
e(x,v) = - A(u ~ On 'P ( (v) , (16) 
471' u U. 
K(X ,V) = .!2!:.. [BU ~ u) n( 'P ( (v) - B(u~ t ) n 'P (v)]. (17) 
471' . .u u ur 
A(u~I), 8(u~l) and 8(1~u) are the Einstein coefficients, and <Pul and <Plu are the line 
profile functions for emission and absorption , respectively. 80th n and Cj) are func-
tions of the position within the plasma . The effective absorption coefficient of Eq.(17) 
takes into account stimulated emission. Using the well-known relations between the 
Einstein coefficients as given in any textbook, the source function S may be written 
S(x, v) 2hv
3 
7 ~!!. n, 'P ·u _ 1 
g. nu 'Pu' 
(18) 
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where gu and gl are the statistieal weights of the levels (u) and (I). This equation also 
holds when resonanee scattering is taken into aeeount if the scattering is isotropie 
and the scattered photons have the same frequeney distribution as those emitted 
spontaneously [7]. In this ease we talk of complete frequency redistribution. 
In the ease of local thermodynamic equilibrium (LTE), the population densities 
nu and nl are related by the appropriate Boltzmann faetor 
.!:1.. = ~ e-hp/kT • (19) 
n/ g/ 
It beeomes evident that also emission and absorption li ne profiles have to be equal 
at any position within the plasma in order that in L TE the souree function S is given 
by the Planek funetion . In all other eases, the ratio nJnl has to be ealeulated taking 
into aeeount all relevant processes such as spontaneous and stimulated emission, 
absorption, eollisional excitation and de-exeitation. Even if the total density of the 
atomic species and the eleetron density and temperature are homogeneous, radia-
tive transport will lead to spatial variation of the population densities and henee of the 
souree funetion within the plasma. It eertainly is influeneed by the geometry of the 
plasma, too. 
Quite a number of rigorous and rather eomplieated mehods are used to ealeu-
late the population densities within the plasma. A widely employed approximate ap-
proach was introdueed by Holstein [17,18]. He lumped together the effeets of radia-
tive transport into an eseape (aetoT e, whieh enters the ealeulations in two ways: it 
reduees effeetively the spontaneous emission probability of the respective transition, 
and seeondly, it appears in the determination of the total radianee of the li ne at the 
plasma surfaee. The eseape faetor eoneept has been reviewed and analyzed 
thorc:iughly by Irons some years ago [19,20,21]. 
The eseape faetor for a given transition and a given souree is defined most 
generally as the ratio of all photons leaving the plasma to those originally emitted 
within the plasma: 
e = (20) 
The numerator gives the total photon flux through the surfaee of the plasma 
(integration is over the li ne shape, the solid angle n and the plasma surfaee 0'), the 
denominator gives the rate of emission of these photons from the upper level (u) 
within the total plasma volume V. It is a funetion of the optieal depth 'to of the li ne 
center, but it also depends on the profile of the transition and on the geometrie 
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shape of the plasma. Eq .(20) shows that in comparison to the optically thin case the 
transition probability is now being replaced by 
Many calculations of 0(To) can be found in the literature [19]: the infinite plane-paral-
lel slab, the infinite and finite cylinder and the sphere have been considered, for 
example. The calculations have been carried out for uniform and non uniform exci-
tation of the plasma, for Gaussian, Lorentzian, Voigtian and Holtsmarkian line 
shapes. More recently the escape factor has been even obtained for Stark-broa-
dened lines [22] . For low opacities a diffusion theory for the radiation was quite suc-
cessful [23], whereas Hostein 's calculations were originally for higher optical depths. 
However, the assumptions in each calculation should be critically considered 
before applying a specific escape factor to a real plasma. 
Pulsed excitation offers a possibility to determine the escape factor experi-
mentally. In principle , such experiments are rather straightforward: the resonance 
li ne of a suitable gas in avessei of selected geometry or of an atomic species in a 
plasma is excited by a short laser pulse, and the time dependent fluorescent emis-
sion is observed on the outside . The inverse of the observed effective lifetime yields 
directly AG [24,25J. (At large opacities the effective decay is described by several 
modes; the higher modes decay faster than the fundamnetal mode wh ich yields the 
escape factor) . 
At Bochum university we invetigated the escape factor over a wide range of 
Dye (Ose r 
( ·~ scnc n ce eiCdQllon) 
------=-=~1 - i 
1000;... M Irrar 
(57Qnmi 
MonochromOTor 
y-I- plolter 
Dy e laser 
( IWO-pholon-e xCITOl lOn ) 
~~~~ - - - --~- - - - - - - - -
Monoc~romO I ,) r 
I 
I 
Fig. 8: Experimental setup for transport studies wrth a resonance cell 
- 4 3 -
optical depths 0.2 ~ 'to < 60 [25]. The experiments were carried out on atomic beams 
01 Na and Li, which were produced by an oven, and on Na in a cylindrical resonance 
cell, which gave a well-defined geometry. Figure 8 shows the experimental setup 
with the resonance cell. The cell consisted of gehlenit glass that is resistant to Na 
under 400 °C. The 589 nm transition 381/2 - 3P3/2 was excited with a dye laser which 
itsell was pumped by a nitrogen laser. The pulse duration was 14 ns, the spectral 
width about 7 pm. The fluorescent signals were detected by a photomultiplier, pro-
cessed by a boxcar averager and plotted by a y-t-plotter. 
'0' 
The knowledge of the absolute density in the cell but also in the atomic beams 
Hf '0' 
• L'II'IIVIr'I 
• Soo:!l\Im CH'''' 
o $oc!M'rI !etU! 
Fig. 9: Experimental escape factors as 
function 01 the optical depth T 0 
was crucial. It was detemined there-
fore by two-photon induced fluores-
cence which has several advantages: 
there are no stray light problems, fluo-
rescent radiation is not influenced by 
trapping, and the measurements can 
be made Doppler-free. Fig . 9 shows 
the obtained escape factors . They 
verify the diffusion model for low opti-
cal depths and Holstein 's transport 
theory for intermediate and high opti-
cal depths. The twosolid lines represent an upper and lower limit for e calculated by 
Irons [19] for an infinite cylinder and a Gaussian profile . 
Tackling the problem of radiative transfer for multi level atomic systems and in-
cluding even moving media leads to formidable difficulties [16, 26]. A relatively 
simple .but nevertheless very powerful approach uses Monte-Carlo methods to fol-
low the path of individual photons through the plasma. A respective simulation pro-
gram for such general problems was developed and is successfully in use at the 
Ruhr-University [27, 28]. It is not restricted, in principle, to a limited number of levels, 
but certainly all radiative and collisional transition rates between the relevant levels 
must be' known. Differential plasma motion is accounted for by respective modifi-
cations of the local line profiles due to the Doppler effect. All processes are simu-
lated as they occur in reality. The main features of the program are as folIows: 
- A position is selected at r.andom within the plasma. 
- Upper levels are excited from the ground state according to the excitation rates. 
- Collisional and radiative transitions between the levels are treated within loops till 
an emission process of the selected transition occurs. 
- The frequency of the photon is selected in accordance with the line shape. 
- The direction of the emission is selected at random. 
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- The distance to the plasma boundary and the probability of absorption of the pho-
ton are calculated. A path length is obtained after which the photon is absorbed. 
- The photon has escaped if the respective position is outside the plasma. All such 
photons are counted according to their frequency. 
- In case the respective position is inside the plasma, the photon will be absorbed 
and creates again an excited state. 
The simulations are repeated ti II the photon leaves the plasma or disappears by 
collisions to other levels. 
- The simulation is continued with the selection of a new position of excitation . 
Escape factors are readily obtained by comparing the number of photons 
leaving the plasma without absorption with those initially produced . There are no re-
strictions to large velocity gradients as in 80belev's approximation [15] . Tabulations 
of e for different line shape functions and various velocities may be found in Ref. 
[28]. The results can be applied to rapidly expanding laser-produced plasmas or 
rapidly compressing or expanding micropinches. 
The influence of the radiative transport on details of observed emission spec-
tra is mode lied, too . We pick as example the spectrum of the Lyman-alpha doublet of 
Fe XXVI emitted from a micropinch [29] . The spectrum of Fig . 10 was obtained from 
a single discharge. In the optically thin case the intensity of the 2P3/2-1 8 1/2 compo-
nent is twice as strong as that of the 2P 1/2-181/2 component, now it is weaker. Radia-
tive transport in the rapidly expanding microplasma is suggested as explanation. 
Plasma parameters, plasma size and expansion velocity are indeed such, that the 
weaker component is pumped by the first one. Fig. 11 shows the results of the 
modelling from Ref. [29]. Curve (a) gives the spectrum for the ca se of a not expand-
ing optically thin plasma. Taking into account expansion yields curve (b), and in-
cluding radiative transport in addtion to expansion gives spectrum (c). The experi-
mentally observed features are satisfactorily reproduced . 
le) 
Sat. I b ) 
la ) 
!.775 I. 778 l.781 \. i8~ l. 787 
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Fig. 10: Spectrum of Lyman-a of Fe XXVI Fig. 11: Simulation of the spectrum of Lyman-a of Fe XXVI 
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The 'Unitor' Tokamak - a retrospect 
by 
J. Uhlenbusch 
ILPP, Heinrich-Heine-Universität Düsseldorf, Germany 
and 
IPP, Research Center Jülich, Germany 
1 Introductory remarks 
Sinee about 1970 the author and his late eolleague J. Haekmann turned their seien-
tifie interest to the field of plasma wall interaetion. As a first step into this at that 
time nearly unexplored niehe of plasma physies, experiments with ew are disehar-
ges were performed showing the influence of plasma-wall-interaction proeesses on 
transport phenomena near the wall [1]. Improved experiments were eontinued 
using pulsed are diseharges, [2,3]. The main objeetives of these early experiments 
were to study the behavior of neutral particles near the discharge edge, in par-
ticular to measure the deformation of their energy distribution functions by wall 
proeesses [4,5] . 
The progress in tokamak research in the seventies convinced us that arc ex-
periments with particle energies in the eV regime could not fully simulate wall 
and edge processes oeurring in tokamaks. Therefore we decided to start an ex-
perimental program employing a small tokamak of the microtor type. In 1979 
we purchased an appropriate discharge vessel including a cleaning generator, se-
veral circuit breakers and a control unit with a multichannnel detection system 
(rotating drum) from B. Taylor, UCLA. The power supplies and capacitor banks 
making available energy for the cleaning discharge, the OH coil and the toroidal 
field coils were managed on our own. After first shots in 1980, the 'Unitor' toka-
mak was operated until1993 without any severe damages. Individual components 
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were exchanged and improved over the last 13 years, in between those the con-
trol unit (replaced by a microprocessor system) and the data acquisition system 
(substituted by a CAMAC system). 
In the vicinity of 'Unitor' a variety of diagnostic means developed allowing a 
thorough experimental access to the most important plasma quantities and toka-
mak parameters. Our diagnostic periphery was equally adjusted to investigations 
of the plasma edge and the core. 
This university oriented tokamak research found the interest of many students. 
11 master theses, 10 PhD theses and 2 habilitations were completed with direct 
relation to the tokamak discharge. In lectures and seminars research items and 
experimental techniques connected with the 'Unitor' had been introduced and 
discussed as typical for fusion oriented plasma physics. Experimental results from 
'Unitor' were chosen to elucidate the behavior of high temperature mostly collision 
dominated plasma state in a strong magnetic field. 
2 Short description ofthe 'Unitor' tokamak and 
its various components 
2.1 The discharge vessel 
The basic item of 'Unitor' is its stainless-steel discharge vessel consisting of two 
toroidal segments insulated from each other and sealed-off by an 0 ring. The 
chamber has a rectangular cross-section 25 cm by 20 cm. Six large lateral ports 
and 12 smaller windows at top and bot tom of the vessel allow a good optical access 
to the entire plasma cross-section. Flanges serve for fast gas feed and exhaust and 
a heated duct is connected with the heated mass spectrometer. The working gas 
hydrogen is fed into the system between rough pump and turbo pump utilizing 
the bad pumping efficiency of the turbo pump for hydrogen and its high efficiency 
for heavy gas impurities. 
The 180 toroidal field coils TF are directly glued on the vessel by epoxy resin. 
This makes dismantling and reconstruction of the tokamak very easy (1 day). 
The OH transformer consists of a very stout coil again strengthened by epoxy 
resin. The vertical field is produced by two coils VF positioned symmetrically 
to the lower and upper rim of the vessel. Their alignment can be effortless be 
performed. 
A scheme of the tokamak vessel and the most important parameters relevant 
for the apparatus are shown in Fig. 1. The plasma-wall-contact is mainly realized 
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at the outer wall of the vessel. This side wall acts as a toroidallimiter TL. Often a 
so called poloidal limiter PL was installed as indicated in Fig. I, too. A movable 
poloidal limiter is quite convenient to ex pose miscellaneous limiter materials to 
the plasma with the possibility of a fast exchange of limiter sampies . 
= 0.3 M 
ct. :I 0.1 M 
Br ~ 1.7 T 
lp · 50 .KA 
..J.llil.IQR... 
NE ~ 1013 CM-3 
TE :!O 200 EV 
TI ~ 50 EV 
PULSE LiNGTH 60 MS 
poloidal limi ter 
20 -.; 
o 50 ms 
OH r T1F 
! ~200~ 
t-)~O~ 
T 
1 
Fig. 1) Scheme of the 'Unitor' tokamak and most important parameters. 
2.2 Power supply and data acquisition system 
The toroidal field (1.7 T) is generated by 180 toroidal field coils energized by a 
capacitor bank (2 kV, 128 mF, 256 kJ) . The coi l current is crowbared after the 
first half-wave. The maximum load voltage of the bank can be varied. A scheme 
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of the electric circuit is shown In Fig. 2. 
25 k 
Fig. 2) Electric circuit to generate the toroidal field. 
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Fig. 3) Time schedule of primary current through the OH transformer and induced 
plasma current 
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The electric circuit which energizes the OH transformer is more complex, see 
Fig. 3 and requires a proper triggering of the primary current through the OH 
transformer. A sudden current change by switch S3 induces a loop voltage which 
is utilized to ignite the preionized tokamak discharge. As preionizing source the 
cleaning discharge is quite convenient. After a fast plasma current increase the 
primary current is shaped in such a way that nearly a plasma current plateau is 
reached over maximum say 50 ms. Thereafter the plasma extinguishes because 
the flux swing of the air coil is exhausted. In the plateau phase of plasma current 
the driving loop voltage amounts roughly 1 Volt. 
Part of the OH transformer current passes the vertical field coils. The field of 
these coils (0.01 T) produces in connection with the plasma current a radial force, 
which prevents the expansion of the plasma towards the outer wall. 
A very important role for a reliable 'Uni tor' operation plays the cleaning dis-
charge. After B. Taylor an audio frequency pulsed hydrogen discharge (4.2 kHz) 
with a duration of say 20 ms and a repetition rate of 2 Hz is a very effective 
tool to release impurities from the vessel wall. The discharge is ignited a.pplying 
a hydrogen filling press ure of say 10-3 mbar and sustained by a 30 kW, 4.2 kHz 
oszillator connected with the OH transformer. A weak (~0.1 Tesla) magnetic field 
is generated by the toroidal field coils in order to reduce the loss of charge carriers 
in the toroidal cleaning discharge. The cleaning discharge deposits a resonable 
amount of energy over the vessel, which leads to a wanted temperature rise of the 
inner vessel walls. 
A microprocessor system controls and steers the most important discharge 
parameters as pressure, voltage of the capacitor banks, gates, pulsed gas feed, time 
constants etc .. Proper trigger pulses can be drawn [rom the system. A standard 
CAMAC unit in connection with a PC serves as data acquisition system. 
2.3 Description of the diagnostic periphery. 
The diagnostic periphery of the tokamak experiment was lined up aimed to achieve 
a good space and time resolved knowledge of most important plasma quantities 
over the entire plasma cross-section. A summary of the miscelleaneous diagnostic 
investigations which were performed over the last decade is given in Tab. l. 
3 Basic physical processes 
In the following a summary of the most prominent plasma bulk and plasma-
wall-interaction processes is given which finally are responsible for the local and 
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11 Diagnostic technique 1 Measured quantity 1 Remark 
Rogowski eoil Plasma eunent versus 
time 
Photodiode Mainly Ha-light IVIonitors ignition and 
extinction phase 
Mass spectrometer Detects the level of im- A steady supervising of 
purities, in partiCldar the impurity level is im-
H20, CH4 perative 
Quantitative speetros- Intensity of speetrally - 1 m UV-spectrograph, 
eopy from 0.1 nm to resolved lines of TI , D, ° iVI A-cletector,Bragg 
1000 nm 0, N, C, Cr, Ni, Fe spccLrometer with Soller 
and their ions, ilbso lliLe si i t ami absorption foils 
densities anel encrgy 
distribution 
mierowave interfero- Line-integril ted electron Moderate spatial reso-
meter >. = 4 mm densities Ilition 
H CN laser interfero- Line-integrated elecLron Improvecl spatial reso-
meter>' = 0.337 mm densities lution, Abel inversion 
possible 
Laser indueed ftuores- Density of exciLeel J] Flash lamp pllmpecl dye 
eenee Density of grouncl staLe laser (I-I),nitrogen laser 
CrI, Bel, DelI, Fel pumpecl clye laser (CrI), 
exeimer laser pumped 
clye, freqlleney cloubled 
(DeI, Bell, FeI) 
Thomson seattering 
ineoherent a < < 1 loeal electron tem pera- Ruby laser, single shot 
ture and clensi ty 
eollective a ~ 2 - 3 loeal ion tem pcrn Lure C:Orlaser pllmped 
(and Zeff) D20-laser as lightsouree, 
IlcLeroclyne teehnique 
Table 1 
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temporal density- and temperature distribution of species inside the discharge and 
their transport. 
3.1 Properties of the cleaning discharge 
Between two tokamak shots (bettel' between two campaigns of measurement) a 
continuous treatment of the discharge vessel by the cleaning discharge mentioned 
before is necessary. There is a permanent accumulation of O2 , N2 and hydro-
carbons in the vacuum vessel by leakage, internal real'l'angements of water and 
oil films from pumps and appendices, chemical reactions with 0 ring, windows 
and metals on the sUl-face, diffusion from the wall bulk to its sUl·face and finally 
outgassing of H2 • The cleaning discharge in hydrogen serves to remove the nume-
rous monolayers containing light impurities like C and 0 off from the sUl-face by 
conversion into H2 0 and CH4 . 
The pulsed 5 - 50 ms long 4.2 kHz discharge produces by Franck Condon 
dissociation atomic hydrogen with a radial flux r H of typical 1019 _ 1020 a~~,:s. 
These atoms are partly trapped by the wall, the capture leads to apressure drop 
in the vessel of the order 
1 A 
- -ksTG r H 2 V (1) 
where A ::::; 1.7 m 2 is the inner vessel surface and V ::::; 0.094 m3 is the vessel 
volume. Within 40 ms apressure drop of 10-4 - 10-3 mbar occurs, which is 
related to the hydrogen flux via equation (1). During the subsequent discharge-
free phase moleculaI' hydrogen is released from the wallleading again to apressure 
increase in the vessel, see Fig. 4. The net hydrogen flux into the wall depends 
on the repetition rate of the cleaning discharge and is influenced by the order of 
magnitude of the trapping and release relaxation times of Hand H2 . 
The atomic hydrogen flux with particle energies in the eV regime (Franck Con-
don atoms) provides a steady release of 0 and C via the weakly bound molecules 
H2 0 and CH4 , see Fig. 5. In case of a high contamination level of the wall short 
cleaning with oxygen is very successfull, where easily removable CO and CO 2 
molecules are produced, see Fig. 5. 
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Fig. 4) Measured pressure drop in the cleaning discharge and net flux of hydrogen ~ 
into the wall as function of dischar.e;e repetition rate. 
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Fig. 5) Cleaning efficiency of a hydrogen cleaning discharge supplied by an oxygen 
discharge. 
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Reliable tokamak shots are possible if the partial pressure of H20 and CH4 
drops below say 10-8 mbar, where for comparison the hydrogen filling pressure is 
about 10-3 mb ar. 
The urgent need for surface cleaning can be seen by the following estimate: 
if say a tenth of a monolayer oxygen from the wall, that means A . 1018 atoms 
is assumed to be ionized and distributed over the entire vessel volume V, it deli-
vers 8· AJ Ol 8 = 1,4 . 1020 electrons/m3. This figure must be compared with 1019 
electrons/m3 occuring during a tokamak shot. In reality the situation is more fa-
vourable because the effective surface A is much sm aller than 1. 7 m2 . On the other 
side , the cleaning discharge can probably not release all oxygen metal compounds 
on the surface, but the tokamak shot will do it . 
3.2 Properties of the tokamak discharge 
The number and the diversity of plasma-wall-processes grows if the actual tokamak 
plasma is considered. Let us first discuss the production and loss of hydrogen 
during the tokamak discharge of minor radius a, see Fig. 6. 
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Fig. 6) Wall processes induced by molecular, atomic and ionized hydrogen. 
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The most important processes occuring near the limiter and the remaining 
wall segments are listed. Notice that the limiter bombarded by ions (and less 
neutrals) with a flux of 1022 ions/m2s saturates after 2 ms, whilst the remaining 
wall segments trap nearly 50 % of the neutral hydrogen and do not reach satura-
tion. This process scheme can be used to write down a global balance of hydrogen 
in the discharge, see Fig. 7. 
O=~ 
P "Cp 
Tp = proton confinement time 
o .&=-~ 
net lf1 d t 
TH = particle confinement time 
0H -0 - Q p net 
- 0 [ 1 - 'I.P] - R- 0 R = recycling coefficient 
p "CH P 
d Np =( R -1 ) Üp = _ ~ 
dt ~H 
Fig. 7) Balance of charged and neutral hydrogen in a tokamak, notice the different 
particle losses at the limiter and the remaining wall segments. 
Assuming negligible gas feed this balance leads to an expontential decay of the 
proton number in the discharge 
N N -tfTH p(t) = p(O)e . (2) 
Equation (2) allows to determine the particle confinement time TH horn electron 
density measurements (TH ~ 3.7ms). The proton confinement time reaches Tp = 
0.25 ms, that means the so called recycling factor is R = 0.93. 
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A tokamak discharge releases a considerable amount of low-Z (0, C, N) and 
high-Z (Cr, Ni, Fe, limiter material) impurities. 
Low-Z materials are mainly desorbed from the limiter and the remaining wall 
segments by impinging H atoms 01' ions with a yield of 1 to 10. Heavy impurities 
are released predominantly from the limiter by sputtering and self-sputtering. The 
energy of the incoming ions is governed by the local ion temperature in the scrape 
off-layer. Additionally, ions are accelerated by Langmuir sheaths and by friction 
with the fast drifting protons. Low-Z impinging ions reach energies between 80 
- 200 eV, whilst high-Z ions are estimated to have energies between 80 and 500 
eV. The appropriate averaged sputter rates for characteristic ion species hitting 
chromium as typical wall material can be taken from Fig. 8. 
, 
, 
, 
HO.D.Cr-Cr 
20 2CO 
Fig. 8) Energy dependent and averaged sputter rates [5]. 
Unipolar ares, radiative desorption 01' blistering do not considerably contribute 
to the release of light 01' heavy impurities. If a limiter with a relative small surface 
area is inserted, power densities beyond 100 MW 1m2 may occur, which lead to 
metal evaporation and sublimation, see [6]. After characterisation of processes 
for the production of light (L) and heavy (S) impurities, a global balance for the 
number of light (Nd and heavy (Ns) impurities can be written down, see Fig. 9. 
TL and TS, resp ., me an the appropriate particle confinement times, the desorption, 
sputtering and self-sputtering coefficients are taken from literature [5] and Fig. 8. 
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An experimental verification of these global balances is given below. 
d N L • _ ~ .;. S Q (t) SHL = desorption coeflicient 
d t cL HL W Q\\. = total H-ftux 
Fig. 
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9) Global balance 01 lIght and heavy impurities, after [5J. 
More sophisticated numerical methods than global ba.!ances are needed to 
achieve a local description of particle densities and energies versus time. In or-
der to find out the neutral hydrogen distribution ac ross the tokamak a solution 
of the Boltzmann equation is necessary, at least in principle [4J. The complicated 
tokamak geometry rather suggests to apply a I'donte Carlo code for ground state 
atoms('n;rhe population of excited atoms is governed by a collisional-radiative 
model, see [8J. A simple treatment of the problem by fluid equations fails , be-
cause the me an free path of neutral hydrogen exceeds the plasma dimension 2a 
(a minor radius). The basic idea of the Monte Carlo code is explained by Fig. 
10. Assumed a cold neutral hydrogen atom Icaves the wall at a random position 1 
under a random direction . At position 2 it surfers a charge exchange process with 
a background ion, the energized neutral hits the wa.!1 at position 3 and is charge 
exchanged again at position 4 after diffuse renection from the wall. At position 
5 the neutral particle becomes ionized and its stat ist ica.! weight is reduced. The 
neutral penetrates the wall at position 6 ami rccomb ines to 1/2 H2 and dissociates 
at position 7. At position 8 the neutral H becomcs ionizcd and get lost because 
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its statistical weight achieves a lower limit. 
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Fig. 10) Basic idea of Monte Carlo calculation, after [7]. 
In case of a toroidal limiter the distribution of light and heavy impurity ions 
is controlled by radial symmetrie rate equ ations of a continuum theory , which 
includes, beside the loss and produelion terms cl i rcct.cd particle veloci ties (typical 
10 m/s) and diffusion effects [9]. This approach is reasonable because the mean 
free path of charge carriers is much smaller than the vessel dimensions (collision 
dominated situation). In case of locali zed poloidal li llliters the one dimensional 
approach is questionable. 
A special formulation of the rate equa,tions is requircel (.0 describe the plasma 
in the scrape- off layer, see [10]. 
4 Experimental results 
4.1 Electron density and temperature distributions 
The density of neutral and ionizeel species in the ground state allel excited states 
is mainly governed by the local electron el ensi t.y anel ternperaturc. Therefore 
the measurement of these quantities by me<1n s of illterferometry and Thomson 
scattering (see Table 1) is one of the urgent diagnostic tas ks . 
Single shot Thomson scattering experiments are required to find the electron 
density anel temperature with sufficient local resolutioll. ]]ecause a density regime 
from 1018 - 1020 m-3 must be covereel, a po\\'crfu l ruhy laser (EL = 5 J, TL = 20 
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ns) at >. = 694,3 nm is quite appropriate for these measurements. A spectral 
resolution of the scattered light for electron temperat ure determination using 4 
channels is sufficient, see [11] . An individual calibration of these 4 channels by 
Raman scatterd signals from 60 mbar cold H2 and D2 , resp., is favorable, because 
the customary Rayleigh calibration suffers from stray light at >. = 694,3 nm. 
Pol ychromator 
Rber 
Fig. 11) Setup of the Thomson scattering experiment, alle l' [11] . 
The experimental setup of the Thomson scattering experiment is shown in Fig. 
11. The scatter volume in this experiment amollnts abollt 20 mm3 . Fibres guide 
for referencing a delayed ruby laser signal to eilch of the 4 c1etection channels. As 
a result of Thomson measurements the electron c1ensity and temperature profiles 
as function of plasma radius and time are drawn in Fig. 12 . The error of the Te 
measurement is in the order of 20 %, the scatter o[ nc is abollt 25 %. Temperature 
and density reach maximum values at t ;:::, 3 ms artel' ignition. A microwave 
interferometer (>' = 4 mm) in combination with a fast piezo-valve can be used to 
monitor the line integrated density of electrons ami to allow a controlled hydrogen 
gas feed into the discharge vessel to keep the c1ectron density constant during the 
plateau phase of the current [1 2]. As Fig. 13 shows, the loss of hydrogen into the 
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wall may be compensated to a large extent by pulsed gas feed . 
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Fig. 12) Measured electron temperatureand c1 cnsiLy versus radius anel time, after 
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Fig. 13) Electron density versus time with pulsed gas feed. 
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To achieve an improved spatial resolution of the interferometric technique the 
application of an interferometer light source in the FIR is useful. Because the value 
of the line integrated electron densi ty for 'U uitor' varies between the comparatively 
low values 3 · 1016 m- 2 aud 4· 1018 m-2 , the 'Unitor' plasma must be embedded 
iuto the resonator of a highly resolving laser interferometer. A wavelength of the 
light source between 300 pm and 400 pm is optimum and a cw RCN laser (A = 
337 pm) with very stable operation is quite appropriate. The sensitivity of the 
setup, see Fig. 14, is bettel' than 1016 m-2 . 
Fig. 14) Side view of the RCN laser interferometer , after [1 3J. 
The time resolved density measurements give a c1eta. il ed view of the plasma 
motion, as can be seen from Fig. 15. Sections with t = const. visualize the in-
stantaneous electron density profiles. Lines incli cated by 0 characterize the plasma 
edge, the plasma center is plotted, too . In the very beginning (t < 3 ms) the 
plasma deusity is high, the discharge is centered very weil and the wall contact is 
strong. The subsequent time phases are cha.raclerized by a shrinkiug plasma with 
more 01' less contact with the wall. Typical is the outward motion of the plasma, 
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which is reversed into an inward motion at the end of the discharge. 
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Fig. 15) Isodensiti es of the electron density (in 1018 m-3 ) and their tempora l 
development, after [1 3]. 
4.2 The distribution of neutral hydrogen 
As di scussed in section 3.2., neutral hydrogen is present over the entire discharge 
volume, but with an excess near the toroidal 01' poloidal limiter. An absolute 
determination of the popula tion of certain excited hydrogen levels is possi ble by 
monitoring the optica.l emission of lines li ke Ha, Hß , ... in the vis ible . By proper 
layout of the light path a horizontal or vertical spectroscopic observa.Lion of the 
tokamak plas ma is possible. The setup used in our experiments [1 4] is shown in 
Fig. 16. Using a 50 pm slit the spectral resolution of the sys tem amounts 0.03 11111 . 
By means of agated OSA-camera and proper choice of the mutual arrangement of 
diode array and slit of the spectrograph, alternatively frequency resolved or space 
resolved intensity measurements are possible . 
Frequency resolved measurements of Ha line reveal via the Doppler broadening 
the velocity distribution of excited n = 3 hydrogen atoms. Other broadening 
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mechanisms are of minor importance. 
Fig. 16) Spectroscopic setup for horizontal plasma observation, after [14] . 
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F ig. 17) Measured intensities of the bille and red wing of the Ha !ine compared 
with Monte Carlo calculations. 
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The evaluation of the measured line profile in Fig. 17 deli vers a cold component 
of hydrogen atoms stemming from the wall, and a hot component born near the 
plasma core by charge exchange. Its temperatul'e equals the ion temperature of 
50 eVas follows from the slope of the line wings in Fig 17. The Monte Carlo code 
explains the line profile very weil. 
Spatially resolved measurements in vertical ami horizontal direction, see Fig. 
18, reflect the limiter function of the outer vessel wall and the outwards direc-
ted motion of the plasma during the shot . Again , these measurements can be 
interpreted with high accuracy by the Monte Carlo code. 
E 16 Abs. /nfenslfY (Ph cm -2 s .11 
1.2 
.8 
.6 
.4 
.2 
O. 
r' 
/ 1\ 
11 \ 
/ /' 1/ \\ i/ ",,,, ... - \ ........ , '\ 
V " ",. -- ... :~ k. ,/ ",. 
--
~ 
-15. ·10. -5. O. 5. 10. 15. 
Y (cml 
, .. 3 . .5 ms 
I .. .5.5 ms 
, .. 11.5 ms 
, .. 31.5 ms 
E 16 Ab,. tnlenslly (Ph cm -2 s .11 
2.5 
1.5 
f\ 
J\ 
) \ 
2. 
/ //\ 
/' 
" 
\ 
- \ L r-- ....... - .. ~ ............ - -...... \ ........ ............ - .... 
.5 
O. 
-10. -5. O. 5. 10 
X{cm) 
--I.3,5ms 
---- '.5.5 ms 
_ .. __ ............ ' .. 21.5 ms 
Fig. 18) Intensity of Ha li ne across the tokamilk plasma in vertical and horizontal 
direction, after [14]. 
Spectroscopic measurements deli ver line integrated signals, a tomographic tre-
atment to find local values is not easy to handle. A localized measurement of 
hydrogen sources and sinks is better performed by laser induced scattering, LIF. 
In case of hydrogen the transition n = 3 to n = 2 is very convenient to determine 
the spatial and temporal distribution of hydrogen in the n = 2 level. With a 
flashlamp pumped dye (Rhodamin 101), a pulse Icngth o[ 0.6 Il sand 10 m J 
energy, saturation of the Ha transition is poss i ble. Recording of the enhanced Ha 
intensity dUl'ing laser irradiation, which is proportional to the population diffe-
ren ce L':. n3 of the upper level without and wi th laser fi eld c1elivers after calibration 
the hydrogen density in the n = 2 level via 
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(3) 
The factor a(ne, Te), see Fig. 19 is nearly constant over the parameter range of 
interest here, as a solution of a collisional radia.tive model shows. This model also 
deli vers the ground state density of hydrogen via. 
n~ = 
a· 
The functions a and ß are calculated in Fig. 19. 
lD 
noloo·3, '0'2 
,.. '0'3 
.,/ ,.02;'0'3 
.' .. ,> ,5.\0° 
(4) 
Fig. 19) Solution of collisional radiative model deli vers the factors a and ß. The 
shadowed regime is typical for 'Unitor' operation, after [5]. 
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The scatter setup for LIF on the Ho line is introduced in Fig. 20. It requires a 
wavelength supervision of the temperature controlled dye laser (Lambda FL 3b) 
by a monochromator combined with an OMA detector. Two multipliers PM! and 
PM2 are simultaneously used, PM! detects the scattered light plus light from the 
plasma, PM2 sees only plasma light. In order to suppress fluctuations of the mul-
tipliers, delayed reference light pulses produced by a photodiode are monitored, 
too. Calibration of the optical scatter setup is performed by Rayleigh scattering 
in N2. The minimum detectable n~ density is in the order of 5 . 1O!2 m-3 . 
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Fig. 20) LIF experiment for Ho detect ion, after [5J . 
Tri gger 
Fig. 21a) shows the distribution of hydrogen in the n = 2 level as derived 
from Ho LIF measurements. It becomes apparent that the outer toroidal limiter 
releases most of the neutral hydrogen, between wall and core a density jump 
within a factor of 3 occurs. On the other side ground state density differs within 
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two order of magnitudes between wall and core, see Fig. 21b). 
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Fig. 21) a) Distribution of excited hydrogen population density at t = 4 ms 
b) Distribution of electron density anel ground state hydrogen density at t = 4 
ms, after [5]. 
LIF measurements on Ha may be performed quite near to the wall with high 
spatial resolution . In Fig. 22 two situations are depicted: the cross es belonging 
to the case were the toroidal limiter is interrupted by the observation port , as a 
consequence the density of excited hydrogen with n = 2 is relatively low. If the 
LIF experiment is performed through slits of 5 mm width in asolid metal closure, 
the closure surface acts as a limiter and the n~ density is enhanced within a factor 
of 3. Again, Monte Carlo calculations are able to explain the spatial distribution 
of the neutral hydrogen in a given electrol1 background . Absolute particle density 
- 7 1 -
measurements are urgently required to gauge the results of the Monte Carlo code. 
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Fig. 22) Density profiles of excited hydrogen near lin-uter , after [5]. 
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Fig. 23) Proton flux Qp and net proton loss Qnet versus time. 
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By means of the LIF measurements the neutral hydrogen source strength QH 
follows. A comparison between the net proton loss rate Qnet = Qp - QH and 
the proton loss rate Qp delivers the hydrogen recycling coefficient, see Fig. 7 and 
Fig. 23 . 
(5) 
4.3 The distribution of impurities 
A first and qualitative access to impurities in the 'Unitor' plasma was made by 
spectroscopic investigations of CrI (429 nm), Oll (441,5 nm), CIl I (464,7 nm), CIl 
(426 ,7 nm), NIl (500,5 nm), FeI (386 nm), see [14] . The vertical view through the 
plasma at different positions visuali zes, that most of the impurities are generated 
obviously as neutrals at the outer wall of the vessel, see Fig. 24. It further 
elucidates that species in the higher states of ionisation are more present in the 
plasma core, whilst the density difference between the inner and outer wall regime 
vanishes more and more, see Fig. 25. These measurements realize the well known 
arrangement of ionic species on shells. 
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Fig. 26) Part of a USX spectrum with lines of highly ionized species. 
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The central electron temperature with 200 - 300 eV is high enough to produce 
H- and He-like spectra of C, N and 0 and Ar- and Na-like spectra of Cl', Fe and 
Ni. Lines and series limits of these ionisation states may be found in the ultra soft 
X-ray (USX) regime (Inm - 10 nm). Using a Bragg spectrometer in connection 
with an appropriate proportional counter, an absolute calibration of the emitted 
USX radiation is possible and the absolute radiation losses of the plasma in the 
USX may be found. Applying a Corona model the ratio of two line intensities 
deli vers the electron temperature. Part of a USX spectrum averaged over the time 
interval t = 3 - 8 ms is shown in Fig. 26, after [15J. Spectroscopy in the USX is 
in future important for diagnostic of the edge plasma of large tokamaks, therefore 
results from the core plasma of small tokamaks are wanted. 
To study the cycle of impurities in 'Unitor', LIF measurements with high 
spatial and temporal resolution were started. A very favourable candidate is the 
Cr! (429 nm) line, which belongs to aresonant transition without fine structure 
splitting of the ground state. Neighboured lines at 425 nm and 427 nm are less 
suited. If a nitrogen laser pumped dye laser (Coumarin 120, EL = 2 J1. J, tL ~ 
5 ns, /::,. AL = 0.1 nm) see Fig. 27a) is used, the ground state density follows 
from a two-Ievel balance where the upper level is depopulated by spontaneous 
emission with Af[ = 3,13 . 107 s-l. A typical LIF scatter signal compared with 
the calibration Rayleigh signal is drawn in Fig. 27b), where the decay of the Cr! 
signal obeys an e-A~{.t law. The laser beam diameter of the scatter source in 
case of CrI line is with 2.6 mm much smalleI' than in case of the Ha experiment, 
a fact which enhances the intensity needed and improves the spatial resolution. 
A comparison of Ha and CrI scatter beams is given in Fig. 28a) showing the 
excellent spatial resolution of the CrI experiment. 
Ground state density measurements in vertical and horizontal direction (off 
the wall) are summarized in Figs. 28b) and 28c). The vertical measurements 
indicate a toroidal limiter width of say 6 cm, a result which is confirmed by the 
hydrogen distributions shown in Fig. 22. This width fits to a scrape-off layer 
thickness of 0.5 cm. The horizontal measurements show a decay of the CrI den-
sity when approaching the plasma mainly caused by ionisation. Evaluation of Fig. 
28c) delivers with the rate coefficient for Cr ionisation of 5 . 10-8 cm 3 S-1 an edge 
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Fig. 28) a) Comparison of the laser beam diameter in case of Ha and CrI scatter 
experiment. 
b) vertical distribution of CrI ground state density (t = 6 ms). 
c) horizontal distribution of Cr! ground state density as function of time. 
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temperature of electrons in the order of 6.2 ~~:~ eV, where the chromium 
atoms leave the wall with an averaged velocity perpendicular to the wall of 1.2 . 
105 cm/ s. As discussed in sections 3.2 it is possible to write down a global balance 
of light and heavy impurities, particularly the time development of their global 
number can be calculated, see Fig. 9. Assuming that the measured ground state 
chromium density near the limiter is proportional to the fiux of released chro-
m ium atoms, an impurity density follows as drawn in Fig. 29. Notice the equal 
decay of chromium density and electron density with time in the final stage of the 
discharge, as follows from Fig. 9, too. A systematic investigation of the release 
mechanism is given in [5J. From the fact, that the heavy impurities accumulate 
very late (after 7 ms) in the plasma, one can conclude that in the beginning of 
the discharge desorption by hydrogen contaminates the plasma by light impuri-
ties, which in a later stage releases the heavy impurities by sputtering with an 
increasing amount of release by self-sputtering. 
-I 
, (msl 
Fig. 29) Chromium density versus time near limiter and central electron density. 
4.4 'Unitor' operation with beryllium limiters 
In 1983 Dr. Dietz and Dr. Sonnenberg from JET Joint-Undertaking proposed to 
install beryllium raillimiters in 'Uni tor' to study the compatibility of this material 
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with the tokamak plasma. Beryllium seemed to be a promising candidate because 
of its favourable thermal and mechanical properties, low Z number (radiative 
losses), low solubility for hydrogen, moderate sputtering rate and high affinity to 
oxygen. One of the main problems one encounters with beryllium dust is its health 
hazard. Thus the concentration of Be within the warking area must be carefully 
watched and kept below ~. After operation a decontamination procedure of the 
'Unitor' by a disposal company was required for more details, see [16], [17J 
Two Be raillimiters were finally installed at nearby opposite toroidal positions. 
Each limiter consisted of a massive beryllium block with an area of 3 x 6 cm2 
facing the plasma 3 cm in the toroidal and 6 cm in the poloidal direction. The 
Be limiters were mounted on holders movable in radial direction, thus varying the 
minar radius of the plasma. They could be completely retracted back into the 
port holes in order to establish the toroidallimiter configuration. A typical power 
load on the Be surface was about 2 kW / cm 2 . 
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Fig. 30) Duration of plasma current as function of radial limiter position x for 
various limiter materials. 
In a first experimental campaign [16J the pulse length of the plasma current 
as function of radiallimiter position was measured for Be limiters and compared 
with the result of other limiter materials. The duration of plasma current is a 
sensitive measure for the degree of plasma contamination, see Fig. 30 . Notice that 
beryllium gives even better results (longer pulses) than graphite. These results are 
supported by plasma resistivity measurements, which are lowered by about 20% 
when Be limiters are inserted compared to the case where the toroidal stainless-
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steellimiter is used. The number of disruptions is considerably reduced when Be 
limiters are installed, a further hint for a reduced plasma contamination. 
!erl [a.u.l 
60 
so 
20 
I 
1'iI3CO 
Reduction of the chromium content for a short sequence 
with Be-limüers. 
Fig. 31) Reduction of chromium content for a short sequence of tokamak shots 
with Be limiters , see text. 
The spectroscopic observation of the Cl' content confirms the reduction of 
impurities during Be limiter operation of the system, as can be seen from Fig. 
31. The chromium concentration, as determined by monitoring the CrI (429 nm) 
line intensity, is strongly diminished if the Be limiter is brought in contact with 
the plasma. The effect is even reinforced by introducing the second limiter (shot 
no. 19287). After retraction of both limiters (shot no. 19290) the chromium 
concentration increases again reaching an intermediate level. During the next 
shots one of the limiters is moved into the plasma on ce more. The resulting CrI 
concentration reaches a minimum at shot no. 19302, where it is a factor of 10 
lower than in the beginning of this shot sequence. A comparativly low level of wall 
material contamination remains, even if a shot without a Be limiter in contact 
with the plasma is made. One can concIude that after shot no. 10306 the entire 
vessel wall is coated with Be shielding the stainless-steel wall against sputtering 
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of high-Z materials. 
The problem of oxygen gettering and accumulation by beryllium material 
spreaded over the entire vessel was studied after ventilation of the torus with 
air up to several hundred mbar. After pumping down and 24 h deaning pro ce-
dure tokamak operation was achieved. Further investigations have shown that 
the release of oxygen does not lead to an elevated level of contamination. It was 
not dear wether this result was due to effective removal of oxygen by the deaning 
discharge or by covering the beryllium oxide with a new beryllium layer during 
the tokamak shot. 
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Fig. 32) a) BeI density as function of wall distance and time. The limiter position 
is 10 mm in front of the wall. 
b) BeIl density as function of wall distance and time. The limiter position is 10 
mm in front of the wall. 
To study the beryllium release from the limiter in more details a LIF experi-
ment using an eximer laser pumped frequency doubled dye system was mounted 
[6]. The resonance transitions Bel at 234,9 nm and Bell at 313,0 nm and the 
transition Bel" at 332,1 nm with a metastable ground state were used to find out 
the densities of Bel, Bel" and Bell. The spatial distribution of Bel and Bell shown 
in Fig. 32a) and 32b) can be quantitatively explained by sputtering effects, at 
high limiter load sublimation plays a role, too. Experiments further verify that 
two third of Bel is in a metastable state. 
We have tried to explain the measured Bel and BeIl density distributions by a 
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set of rate equations including ionisation states up to BeY, see [18]. Results from 
these calculations are shown in Fig. 33. 
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Fig. 33) Spatial density distribution of Bel - BeY, calculated by an impurity 
transport code, see [18]. 
4.5 Local ion temperature measurements by collective 
Thomson scattering 
The spectral profile of Ha line, see section 4.2. and Fig. 17, allows at least 
in principle to evaluate the proton temperature in the hot plasma core. This 
evaluation needs support by a Monte Carlo code and this diagnostic is therefore 
an indirect one. 
Thus a need for a direct measurement of ion (proton) temperature is ob-
vious, and a collective 90° scattering experiment seems to be very promising. To 
commit such an experiment to 'Uni tor' conditions the following plasma parame-
ters are assumed: Te = 200 eY, Ti ~ 50 eY, ne = 5 . 1019 m-3 , Debye length 
Ao = 1.5 . 10-5 m. If the scatter process is collective and a 0 = 90° scatter 
experiment is imperative because of stray ~ht reasons, the scatter parameter 0' 
lies in the interval 1::; 0' ::; 10 and ß ~ v'~ ~ 2. The known relation between 
the scatter parameter 0' and wavelength of the scatter source AL, leads to the con-
dition h = AD . 0' sin ~ = 0' . 1331lm, that means AL ~ 300 - 400,tm. It took a 
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lot of time to develop a monomode laser light source at AL := 385 11m with 1 MW 
power and 150 mJ energy. A stimulated Raman transition at AL := 38511m of a 
D2 0 laser pumped by a single mode TEA-C02 laser at Ap := 9.26 11m with pulse 
duration of 150 ns, 50 J energy and 300 MW power was built first. The essential 
and indispensible preparatory work to operate such a system is described in [19]. 
Heterodyning was chosen to detect the scatter light. 
0fJ - Laser 
C=:=J---t========-lSl 
N2 -Almosphere 
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UNI TOR . 
L2 
Loeol Osci1lalor I CD301 
'--____ J---------r /.16 
Fig. 34) Experimental setup of the FIR collective scatter experiment 
By means of a C D3 CI-laser as local oscillator with ALO := 382.211m the scatter 
spectrum is down converted into the 2.26 to 3.64 GHz range and monitored in 
24 channels, each having a bandwith of 60 MHz. The complex scatter setup is 
shown in Fig. 34. The experiment implies a lot of difficulties, which are shortly 
summarized here. The TEA CO2 pump laser must be tuned on the 9 R (22) 
line, which requires an intracavity grating and for stable operation an additional 
cw frequency and power stabilized CO2 laser for injection locking. Triggering of 
the four-stage TEA amplifiers turned out to be difficult. The transmission of the 
AL := 38511m beam through humid air was not sufficient, thus the light path was 
enclosed by dry nitrogen. The diplexer, see Fig. 34, must be carefully selected 
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to have a proper transmission for those channels where one expects the scatter 
light [20]. The scattered light, stray light and the LO beam are detected by a 
Ga As Schottky barrier diode as mixer with whisker antenna and angle reflector. 
The preparation of these diodes requires a lot of experience. The diode including 
the t andem-arranged intermediate frequency transformer and amplifier must be 
cooled down to 77K in order to reach the required noise equivalent power of 10-19 
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Fig. 35) Scattered light emitted from the plasma core of 'Unitor' 1 ms after plasma 
ignition and comparison with theory, after [21], 
Careful measurements of the so called system noise temperature Tsys for all 
channels are necessary, see [20]. Parasitic stray light turned out to be a serious 
problem, mainly due to the geometrical restriction of the small sized torus, Thus 
scattered light could only be measured in channels 9 to 13, see Fig. 35. In this 
frequency band the measured scatter signals are compared with results from a 
scatter theory, which takes account of the toroidal magnetic field strength and 
plasma contaminations, see entries on Fig, 35 and [11]. 
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5 Conclusive remarks 
A small sized tokamak like 'Unitor' has a lot of capabilities to study carefully 
cleaning and conditioning procedures. Beside the toroidal limiter, poloidal ones 
can be easily inserted into the plasma. A fast and unproblematic exchange of 
poloidal limiters with different materials is possible and their influence on the 
plasma state can be examined. The plasma is a strong light SOUl'ce from the soft 
x-ray to the FIR. Line and continuum radiation from neutrals up to highly ionized 
species can be observed, unknown atomic and ionic transitions can be determined 
and the infiuence of motion, electric and magnetic fields on the spectral behaviour 
of the emitted radiation can be studied. Most of the diagnostic techniques valua-
ble for the investigation of large tokamaks is applicable on small sized systems. 
Careful measurements of averaged and fluctuating plasma quantities may serve 
to improve the theoretical description of transport processes in the plasma bulk, 
in the scrape-off layer and near the wall and the limiter . To educate students in 
tokamak physics using a not extremely involved system the following subjects of 
a research program could be recommended. 
Study of plasma-wall-interaction processes 
Compatibility tests of limiter material and plasma 
Infiuence of wall conditioning (Carbonisation, boronisation, siliconisation etc) 
Fluctuation measurements , in particular by probes 
Spectroscopy 
Transport theory 
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Plasma Edge Physics 
by 
Andre L. Rogister 
Institut für Plasmaphysik 
Forschungszentrum Jülich GmbH 
Association EURATOM-KFA 
Postfach 1913, 52425 Jülich 
Federal Republic of Germany 
Electron energy transport in tokamak plasmas is known to be anomalous, i.e. to be much 
larger than and sc ale differently from neocIassical predictions1; ion heat transport may also 
be anomalous, but, if it is the case, the discrepancy with neocIassical theory is here much 
weaker: the obvious reason is that the ratio of the electron and ion neocIassical energy 
transport coefficients is of order Pe a//Pi a? - (me/mi)1I2 where the PJ are the collision 
frequencies, the aJ the Larmor radii and the mJ the masses. Anomalous plasma transport is 
one of the great intellectual challenges on the path to an economic fusion reactor. Essentially 
two main ways of thoughts are followed today to explain the anomalous energy losses 
observed in aI1 tokamaks: 
1) they would either be the consequence of electrostatic instabilities2 leading to e X 13 
drift oscillations across the confining magnetic field and to net radial particIe and energy 
fluxes across the magnetic surfaces3 [respectively c ( nB-2 (e X 13)·p ) and c ( Pj B-2 (e X 
13).p) where n (Pj) is the density (the pressure) oscillation, j the species index, c B-2 (e X 
13) the drift velocity induced by the oscillating electric field e, p the unit vector orthogonal 
to the magnetic surface and 13 the confining equilibrium magnetic field]; 
2) or they would resuIt from magnetic field lines braiding4 and destruction of magnetic 
surfaces3 owing to self sustained magnetic islands. 
It must here be recaIled that helical perturbations are more readily unstable if they are 
elongated aIong the field lines: electrons inertia, slowing down by collisions with ions or 
deceleration by resonant interaction with the wave, indeed, introduces a phase lag between 
the density and the potential oscillations, which is naturally proportional to the wavelength 
along the magnetic field; this response delay enables the perturbation to grow. If f and m 
are the toroidal and poloidal mode numbers, respectively, it is easily shown that the wave-
number along the direction of the magnetic field is (we assume here circular cross sections 
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(1) 
where the Larmor radius <ls = c/fli - Cs = (Te/m)1I2 is the sound speed and fli =eiB/mic 
the gyrofrequency -, LN = (denN/drrl is the density variation length-scale and Ls == qRls 
is the shear length - s == rdenq/dr is the shear parameter. At the edge of the TEXTOR 
plasma (Tokamak Experiment for Technology Oriented Research) Ls is typically 3m whereas 
LN can be taken of the order of 2 .5 cm; assuming B = 2 Tesla, Te = 200 eV, we find that 
the width w of a drift localized mode would be - 2. 7 cm. By comparison, the Larmor 
radius as is only - 0.1 cm. 
2 Linear Theory of the Ionization Drift Instability in a Strongly Inhomo-
geneous Medium 
The inequality w }> as [see Eq. (1)] legitimates a solution by expansion of the electron 
and ion drift kinetic equations, the latter being the end result of an averaging procedure of 
Vlasov's equation for low frequency (w 00::;:; fl i), low mode number (k 1. ~ 00::;:; 1) oscillationsl4 . 
Calculating the perturbed ion and electron densities in dominant order - the expansion 
parameter is a/LN T E [we assume LN == (denN/drr l - ~ == (denT/drr l - LE == 
(denE/drr l where E 1s the equilibrium radial electric field] - and expressing charge neutrali-
ty leads to the dispersion relation 
(2) 
where 
(3a) 
is the E X B Doppler frequency - kß = k· (fi X P) is the mode number in the direction 6 
= ft X P of the binormal to B, i.e. in the direction orthogonal to B and tangent to the 
magnetic surface - and 
(3b) 
is the electron diamagnetic frequency (note that ee = -e where e is the proton charge) . The 
lowest order dispersion relation (2) requires that the variation of wE(O) + we *(0) over the 
width w of the eigenfunction be negligible; i.e., a spatially nearly constant rotation of the 
mode [w would otherwise be no eigenfrequency and the oscillation, which is proportional to 
exp (-iwt), would distort and tear in the course of time]; this requirement (which is automa-
tically satisfied under those conditions for which the local approximation is valid, cf. supra) 
can be quantified by the inequality 
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(2') 
where the right-hand side refers to a root mean square value calculated over the width of the 
mode (the ratio of the left- to the right-hand side must at most be of the order of the terms 
so far neglected in the complete eigenvalue equation). We shall see later that the approxi-
mate constancy of wE + we *, required by the theory, is compatible with observations .. It 
provides, except for a constant to be obtained from boundary conditions, the radial electric 
field profile, on ce the density and temperature profiles are known. 
Proceeding to higher orders in the expansion parameter a/w, one can show that the drift 
wave equation in a "strongly inhomogeneous plasma" (implying by this that w - LN,T,E) 
is, in the slab approximation6: 
I (W-WE -W;)(l) 2 2 k~c; -'---"-----"-- - k a +--0(0) ~ s 0(0)2 "W. W. _~_ + __ a_;_ ~ (N " W 0(0)2 ~ ~) 0(0) 0(0)2 N ßx • • ax 0(0) w. W. ." W. 
(4) 
Here, x = r-r f m is the distance from the rational surface; the E x 13 rotation shear has 
been eliminated'via Bq. (2'); (w-wE-we *)(1) is the correction - of order (~/w)2 - to the lowest 
order eigenvalue equation (2); cx(x) = 1 + (1 +17)T/Te; 17/X) = LN/LTI ; ce = [fimJ1I2; 
the expression kJ(x) = kßx/Ls obtains upon developing m+iq = fx(dq/dr)rf,m in the 
vicinity of the rational surface (see Introduction). The right-hand side of Bq. (4) is the 
algebraic sum of the destabilizing ionization rate, by electron and ion impact [viz = (av)e+i 
No, where No(x) is the neutral density, yields a positive contribution to B'mw(1)]5, and of the 
electron Landau damping rate [the second term yields a negative contribution to B'mw(1), if 
17e (-1) > 0]. 
30 Quasi-Linear Theory and Consequences 
A standard calculation of the electron and ion radial quasi-linear fluxes shows that the 
continuity equations are [we now drop the ordering label (0)]: 
a N. a c T. 1]. w; J% e. ~ 2 
--=-- --k -N -- +v N a t ßx [ e. B 'ß 2 I k
l 
I c
t 
2 t I T
t 
I 1 it t' (5a) 
and 
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(5b) 
respectively. Ambipolarity thus requests that 
a • a<I> a<I>' 
- [ (X N. k ~m (<I> - - <I> - ) 1 = 0 , (]x 1ft ax ax (6a) 
if all particle sources are electrically neutral [the effect of a probe inserted locally in the 
plasma in order to draw current (polarization experiment) can however be described, in first 
approximation, by introducing a Heaviside step function on the right-hand side of Bq. (6a)]. 
Multiplying the eigenvalue equation (4) by q,*, it is possible to show that the relations (6a) 
and (2') lead to the constraint 
(6b) 
Independently from the quasilinear argument leading to Bq. (6b), one may suggest that, in 
a plasma in which the radial structure of the helical mode responsible for transport is as 
broad as that of the axisymmetric equilibrium itself, the mode must be locally marginally 
stable, as a true helical equilibrium would be, i.e., not only in an average, eigenvalue sense. 
Bquation (6b), together with (4), has two far reaching consequences: 
i) The product 71eWe *2 must vanish on the rational surface (where kJ vanishes), i.e. the 
condition tim (r -+ ri,m) [(dfnT/dr)(dfnN/dr)] = 0 must be satisfied. [This condition would 
remain valid if collisional damping were considered rather than Landau damping; the 
corresponding rate indeed would be 
.2 
-0.81 TJ.w. , 
YcoU= 22 
k. Ce 't, 
as can be derived from Bqs. (29-32) of Reference 15 (Te is the electron collision time)]. 
ii) If lim (r -+ ri,m) (dfnN/dr) = 0, i.e. if lim (x -+ 0) we* = 0, then the eigenvalue 
equation (4) requires that !im (x -+ 0) q, = 0, i.e. the eigenfunction q, is typically "odd" . 
The electron and ion heat fluxes can be calculated, as the ambipolar particle flux (5a), 
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to be proportional to the square of the oscillation amplitude. The corresponding system of 
quasi-linear cross-field transport equations can in principle be solved, together with the 
marginal stability condition ~mw(l) = 0 [see (6b)] and relevant boundary constraints, to 
obtain the edge profiles. The ambipolar particle flux, however, is inwards. Although this 
result may be interesting in connexion with gas puffing experiments - in which anomalously 
rapid penetration of the injected gas is observed also after ionization - it prohibits steady 
state solutions! Before showing how the difficulty can be circumvented, we compare the 
implications of the theory, obtained so far, with so me observed features. 
4. Experimental Support to the Theory 
Two constraints have been obtained so far, which must be verified by the experimental 
profiles, on the assumptions that drift waves are excited by neutrals ionization and stabilized 
by electron Landau damping: 
0') either the density gradient or the electron temperature gradient must vanish at the 
position of the rational surface and 
ß) the combined frequency W = WB * + we * must be approximately constant over the span 
of the eigen mode, i.e. over a distance of a few centimeters around the rational surface. 
To 0': Density plateaus have been observed in DIII-D (DIII-D) a few centimeters inside 
/rom the separatri.x I6 ,17. Furthermore, in this experiment, relation (6b) seems to be approxi-
mately satisfied, order of magnitude wise, in the L mode of confinement: introducing17 Te 
"" 100 eV, B = 1.2 Tesla, Ls :::: 300 cm, LN - Lr - w - 2.5 cm, on the one hand, and 
assuming a reasonable value No = 3 X 1010 cm-3 for the flux surface average neutral 
density, on the other hand, it indeed requires kß - 0.04 cm-
1 for the marginally stable mode 
(~m w(l) = 0); this, remarkably, is of order q/r and corresponds to m (entire) - q, hence 
e = 1 (see Introduction) . Higher (e ,m) modes should of course be damped (~m w(l) < 0) 
since the Landau damping rate is proportional to kß: this latter conclusion is also consistent 
with the ASDEX and CCT observations10-12. [The neutral density can be e~imated from the 
steady state particle balance equations No = ro/va, r o = -re and r e = rNe/2'Tp , where vo 
is the incoming neutral velocity (= 2.2 X 106 c~ s-1 for 10 eV deuterium atoms), r o and 
r e are the neutral and electron radial fluxes, Ne is the average electron density in the 
discharge and 'Tp is the particle confinement time (- 20 ms)]. 
Density plateaus have also been seen in TEXTOR outside /rom the separatrix. 18 It is 
indeed likely that an expression for the growth rate qualitatively similar to (6b) holds 
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there19, although the equilibrium field lines intersect the limiter; furthermore, in these 
discharges, the rational surface with the next lower entire q-value, around which an inside 
plateau should also be located, was probably out of reach of the experimental technique.20 
To ß: On the DIII-D Tokamak17, the Doppler shift of a specific impurity spectralline 
has also been measured. Assuming that this provides the impurity mean rotation velocity, a 
radial electric field can be inferred from the formula 
if the pressure and the density profiles, respectively Pr(r) and Nr(r) are also measured. The 
experimental E X B rotation velocity can then be added to the electron diamagnetic veloci-
ty , which obtains from the measured electron density and temperature profiles. This exercise 
leads to Fig. (la) which shows that (v0exp + v e * is not spatially uniform! The simple 
arguments above are, however, plagued by an omission: the excited mode also leads to a 
rotation of the impurities in the direction of the binormal, given by 
~ ( nI a<t> > , 
B NI ax 
and to a rotation of the electrons: 
~ (~a<t» = _~2 al<t>1 2 • 
B N. ax B T. 2ax 
(7a) 
(7b) 
As a consequence, the E X B rotation velocity entering Eqs. (2), (3a) and (2') is not -
c{Er\x/B, but 
- - E = -- (E) + -- . c c [ ( nI a<t> >] 
B r B rexp Nlax 
(8) 
Figure (lb) shows the radial profile of the velo city difference vE - (v0exp assuming nI/NI = 
ne/Ne and 
0.30 xexp[ - 0.476x2], 
[T.(.~e V) p/2 
where x is in centimeters; with B =1.2 Tesla, it folIows, neglecting ßTe/ßx, that 
Comparison of Fig. (lb) with Fig. (Ja) shows that the theoretical requirement ~ + w/ == 
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const. can very weil be experimentally satisfied. It is true that the amplitude of the mode and 
the width of the Gaussian have been adjusted in calculating the contribution from the mode 
to the rotation velo city , but it is not less c1ear that the odd character of the mode, also 
predicted by theory, plays an important role in insuring that a[wE - (~)exp]/ax = -a[(wWexp 
+ we*]/ax. 
b) 
cL 
X 
-QJ f-----f'---..-1r--:'----H~-... 
>,225 
I 
>w 
229 R [em) 
Fig. 1 Plots of v/ + (vWexp - obtained from DIII-D measured profiles - and of vE -(vWexp 
- obtained from Eqs. (7b) and (8), the assumption nI/NI = ne/Ne and the profile of 
ee<plTe given in the text. 
5. Transport Across an Open Magnetic Island Belt 
As no ted in Section 3, the prediction of an inward pinch by the quasi-linear theory of the 
ambipolar partic1e transport induced by the ionization instability is in contradiction with 
steady state machine operation. (It is interesting to note that the partic1e influx is linked to 
the stabilizing role of the electron dynamics in the theory of the instability) . This theoretical 
model, however, breaks down if the particles orbits intersect the separatrix. This is a 
plausible assumption for, q, being essentially odd (cf. Sections 3 and 4), the radial magnetic 
perturbation, br> will indeed be even, leading to an island structure of equation 
(9) 
where B/x) =: Bo(r) - Bo(rs)' ky =: kß, and cis a constant parameter. We propose here that 
the particles flow out 0/ the confined plasma along magnetic islands jield lines intersecting 
the separatrix and closing at the target plates. The observation that Ti > Te at the edge of 
TEXTOR and DIII-D actually supports such a hypothesis since ion heat los ses along open 
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field lines are mueh slower than electron losses. Note that the relation between magnetie and 
electrie oscillations ean be obtained from Ampere's equation and is: 
(10) 
{Incidentally, it follows that the ratio of the two parallel eomponents, -iwAJ le and -ikJ1', 
of the electrie field of the wave is of order 10-1 [the local value of ß = 4'7r(Pe + Pi)/B2 is 
0.6 X 10-3 with the previous numerieal values and Ti = 2TJ; the electrostatie ealeulation 
leading to Bqs. (2), (4) and (6b) is thenjustified.} 
The system of stationary transport equations to be solved at the plasma edge is thus 
o 
ar' 
e 
+ vhN •• 
ax 
(lla) 
aro 
- vizN •• 
ax 
o (l1b) 
o aQ; (l1e) 
ax 
Vtz = {if2 (CT.)2 alnT. alnN. Ikp IL. 
2c. eB ax ax lxi 
(l1d) 
with, in first approximation, Qe * = Are *T e (the star reminds that these fluxes are along 
open magnetie field lines), f o = -vo No and I'iz = (av)e+i No; the parameter A is ~ 1 and 
oe mi l/2 for this type of flows; we shall assume A, Vo [(> 0), oe mi- I12] and (av)e+i to be 
spatially eonstant. Ionization would only introduee a negligible eorrection to the energy 
equation (l1e) sinee Ifol Ei/Qe* = Eiz/ATe <li 1 (Eiz is the ionization energy). The mode's 
marginal stability eondition (l1d) closes the system 0/ transport equations. [Note that, 
besides the argument given below Bq. (6b) , an order of magnitude estimate using DIII-D 
data16,17 shows that the terms in the right-hand side of Bq. (4), taken individually, are larger 
than the second term in the left-hand side by a faetor - 5-10]. Together with the require-
ment that f e * + f 0 = 0 (i.e. the influx of bound electrons balanees the outflux of free 
electrons), Bqs. (l1a)-(l1d) are amenable to a single nonlinear differential equation: 
(12) 
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where g = {T/Te l14, Te s being the temperature on the separatrix, and ~ = x/I, the length , , 
1 being defined by 
(13) 
The units in the latter expression are as follows: a and R are in meters; I is in cm; Te,s and 
To are in 10 eV units; the power CPe,con carried by the electrons is in megawatts ewe note 
that the model implies CPi,con ~ CPe,con)' and Bis in Teslas. The following relations link the 
electron and neutral density profiles to the electron temperature profile: 
(14a) 
(14b) 
The electron heat flux is related to the convected and conducted power CP e,con by the relation 
Qe * = CP e,coi4~aR; note that the radiated power does not enter here into account, except 
that Bq. (llc) implies that we have neglected its density spatial variation. Bquation (12) 
cannot be solved analytically. As an approximate compact form is useful to reveal the 
trends, we consider - as a guide to the compilation of numerical results - the analytical 
solution of the simpler equation 
cl lnf/a~2 = q ~ 1)/f2" (12') 
where (I ~ I) is a characteristic value of 1 ~ I. The solution of Bq. (12') is 
f = cosh[k(~s - ~)] 
where ~s is the normalized distance from the rational surface to the separatrix [f{~J = g(~J 
= 1] and k2 = (I ~ I); we have requested that Ne{xJ oe (ßfnf/ßxh = 0 as boundary 
s 
condition. Substituting for Te/Te,s = 1'15 [cf. the definition of g, and hence of f, below Eq. 
(12)] in Eq. (14a) leads to the two equalities: 
- -1 k/Z = (5/4) (ov)e+i Ne/vO = AO (15) 
- Ao is a characteristic neutral mean free path -, and 
(16a) 
-
where Ne = limx_ -00 Ne. Therefore 
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(16b) 
For x -+ -00, the divergence of the electron temperature and the flatness of the density 
profile are consequences of the localization of the ionization instability and related transport 
and of the absence, in the calculation, of other sources and sinks further inwards. We choose 
the parameter (I ~ I), an artifact of the approximate analytical procedure, according to (I ~ I) 
= Jl~s' with Jl a numerical factor of order unity to be chosen according to a best fit of the 
analytica1 solution of the approximate equation (12') with the numerical solution of the exact 
equation (12). Equation (15) and k2 = (I ~ I) then yield e = Jl"'02xs ' Since tokamaks usually 
opera te in windows with 'Ia between two entire numbers and since only the mode with the 
lowest mode number is expected to be excited - and to provide for the exhaust channel (see 
the discussion in section 4, 2nd paragraph) -, we identify, for scaling purposes, Xs with half 
the distance between the two surfaces q =qa and q = 'la-I ; i.e., we set Xs = a/2qs and replace 
kß by q/a. Replacing "'0 [Eq.(15)], we obtain 
(17) 
Identifying finally this expression with Eq. (13) yields the electron temperature on the 
separatrix: 
T = [104 A -1 (A ./2)-1/2 T.1/2 (i) B2 -3N-2 R-2 f5 
e,s j.L , 0 ',con q 20 a 
(18) 
where the current I is in megaamperes, the density is in loZ°m-3 and the other units are 
defined below Eq. (13); the safety factor is related to the plasma current by the relation q 
= 5a2B/RI. Note that N actually refers to an asymptotic limit of the edge plasma; to 
compare with experiments, it will tentatively be identified with the line average electron 
density. 
6. Consequences of the Proposed Transport Model and Comparison with 
Experiment 
Expressions for the partic1e confinement time and for the amplitude of the radial compo-
nent of the edge magnetic field can be derived, besides that for the electron temperature on 
the last c10sed equilibrium magnetic surface, from the theoretical model proposed in Section 
5, provided the analytical solution of the approximate equation (12') agree weil with the 
numerical solution of the exact equation (12) . It has been verified that this is the case if one 
chooses Jl = 0.5, as long as x/"'o ~ 1. We compare here these predictions with values 
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measured on the TEXTOR and ASDEX tokamaks and propose a scenario for the L to H 
bifurcation. 
a) The expression for the particle confinement time obtains from the definition relation 
Tp = aNel2re,s* and Bq. (14b). We find, with J.I. = 0.5, A = lOVAi and To = 10 eV: 
2 2 - -1 
't P = 21t A a RN. T .... f? ' ,con 
(19) 
(the last form is written in the practical units). Interestingly, this expression is almost 
identical to the empirical Kaye-Goldston energy confinement tim~l (even the numerical 
factors agree if the two formulae are transformed to the same units!) except that <Pe,con is 
here the conducted/convected power, ~ather than the total power, and that some caution must 
be taken in interpreting the notation Ne [see below Bqs. (16b) and (18)]. It is weIl known 
that particle and energy confinement times are indeed experimentally related in tokamak 
research, as long as the radiated power does not become dominant, and as long as the 
plasma is in the L-mode of confinement. 
Introducing the experimental parameters of the discharge discussed in Ref. (22) [B = 
2.25 T, I = 0.34 MA, <P NI + <POH = 2 Mw, Ne = 0.34 X 10
20 cm-3, Ai = 2, R = 1.75 
m, a = 0.46 m], we obtain 16 msec ::;; Tp ::;; 24 msec if <Ptot ~ <Pe,con ~ <Ptot 12; the 
experimental estimation was 20 msec. 
For typical parameters of ohmically heated TEXTOR plasmas [B = 2T, I = 0.34 MA, 
Ne = .3 X 1020m-3, «POH - <Prad)H = (<Pcon)H = 0.34 Mw, (<Pcon)n = 0.15 Mw - see Fig. 
3 and Section 3.1 of Ref. 23 for the ratio (<Pcon)n/(<Pcon)H -], we obtain (Te,JH = 42 eV 
and (Te Jn = 23 eV. These values and, in particular, their ratio - the theoretical value of 
wh ich i~ independent from certain assumptions, e.g. the choices of A/VAi and To - agree 
weIl with those measured. 
ß) Experimentally, the ohmic power is lower in deuterium than in hydrogen, owing to 
better confinement and lower bulk resistivity. The present theory is consistent with this 
observation: as Ao oe Ai-l12 - reflecting the mass dependence of the neutrals' penetration 
depth -, the electron temperature in the core will be higher in D than in H, owing to the 
higher edge gradient [cf. Bq. (16b)], although Te,s is predicted to be lower [cf. Bq. (18) and 
the numerical example above]. The obtained density dependence of Te,s is also rea1istic and 
suggests that, above a certain value of this operating parameter, the electron temperature 
will be too low to ionize the neutrals «(av)e+i is actually a function of Te); their penetration 
depth then increasing, the plasma will "detach" . 
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,,) The magnetic fluctuation level can be obtained from the relations 
(;J.,€oj4rt 2 aR = Q; = -x~(b,IB)B-l (0+6) ·VT. ' 
where x{ = 3.16 NeTeTe/me is the electron thermal conductivity along the field lines. Since 
B- l (13+ b) . V == ml1rqR on the separatrix, we obtain, in practical units: 
(20a) 
for a tokamak operating with a toroidallimiter; Zeff is here the "effective" charge. Replacing 
Te,5 from Eq. (18) yields 
(20b) 
note that 7ra2 Ne/I is the "Hugill parameter,,24, the value of wh ich has to be kept within a 
limited range for proper tokamak operation. At the rational surface [where B-1 (13+ b)' V 
== (b/B)alax], we have instead: 
Assuming (5)rad = 0 (respectively (5)rad = (5)tot /2), we find Te,5 = 54 eV (respectively 40 
eV), x/"Ao = 1.67, Te ° = Te(x=O) = 121 eV (respectively 92 eV) for the operating 
parameters of Ref. (22)'. Equations (20a) and (20b) yield (b/Bh
s 
= 1.5 x 10-4 (respec-
tively 2 x 10-4) whereas, from Eq. (20c) , the value (b/B)x=o = 2 x 10-4 (respectively 2.3 
X 10-4) obtains. These two estimates are consistent and realistic. The half-width of the 
largest magnetic island is w/2 = [2(br,5 + br,o)/kyB'/O)]ll2 == 1.8 cm which is ofthe order 
of the expected distance, - a/2qs, between the rational surface and the separatrix. 
0) Increasing (5) e eon increases Te. Equations (20b) and (18) imply that (b/Bh oe 
, 5 
(5)e,eon-2/5 oe Te,5- l and Eq. (10) that b/B oe ß e<I>/Te; therefore e<I>/Te oe Te-2. The ampli-
tude of the radial magnetic field component required to evacuate the power thus decreases 
if the latter increases; this result is a consequence of the Te7/2 dependence of the parallel 
heat flux. We then expect that, above a limiting power, the magnetic island chain no longer 
can intersect the separatrix. The neutral source drying up, the He/Da signal, the destabi-
lizing ionization rate, the island belt and the related transport will suddenly collapse,· the 
profiles will steepen until another self-consistent equilibtium is reached. 
Note that the edge electron temperature and its gradient being larger in the H mode than 
in the L mode of confinement, not only is the ionization rate lower after the transition, but 
also is the Landau damping rate (oe Te3/2) of the drift wave larger: thus ~mw(1) < 0 [Eq. 
(6b)] in the H-mode. It may here also be suggested that the triggering, near the power 
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threshold, oj the L-H transition by a heat pulse jollowing a sawtooth collapse can be 
explained by the positive temperature dependence oj electron Landau damping. By contrast, 
collisional damping of drift wave (rate oe Te-I12), the alternative to Landau damping (oe 
Te
312) , would not lead to a thermally stable picture of the plasma edge because of its 
negative Te dependence. 
Similar bifurcations of equilibria9.16.17.25 (L-H transition) and correlated changes of m 
=: <Ja magnetohydrodynamic activitylO-12 have been experimentally identified. Our theory 
does not yield - so far - a simple scaling of the threshold transition power, in particular with 
atomic mass and average density, since the profiles, and hence Te.Q, depend on NeAi1l2 
through hyperbolic functions; this may be due to our implicit assumption of poloidal 
symmetry: poloidal (and also toroidal) asymmetries are actually introduced by the divertori 
limiter; it follows that, at the plasma edge, the notion of entire q rational surface is, in 
reality, somewhat lacking in precision; our assumption concerning the distance from the 
LMCS to the last entire q surface may, therefore, need to be revised. 
In ASDEX, the normalized fluctuation level bolBe reached a maximum of about 0.2 % 
at the probe position just prior to the transition lO. This implies, on the LCMS: 
( b r) ( be ) a (be) 4 B x. - B x. - 2 qR Be prob< - 3 X 1 0-
which is the required order of magnitude (see 'Y above) . 
The following fundamental question remains to be answered. Why, in this experiment. 
was the m=4 magnetic jluctuation detected only some 35 ms bejore the transition? If 
magnetic oscillations with m - qa are the rule in the Land Ohmic regimes, why are they 
not more often reported? We argue that since the mode connects the confined plasma to the 
target plate, it is likely to be tied to it, i.e. locked, to a certain degree, depending on the 
physical properties of the plate - ineluding coating - and to the extent of the overlap. Locked 
modes cannot be detected with the standard technique. In ASDEX IO, the auxiliary power had 
been switched on another 35 ms -i.e. roughly one energy confinement time - before the m 
= 4 mode ca me out of the noise. The width of the locked island - wh ich we assurne existed 
already in the ohmic regime -, and its contact with the target plate could obviously start to 
decrease only after this delay. One can imagine that another, overlapping mode would then 
transiently tend to build up around a rational surface eloser to the edge in order to bridge the 
gap between the original fading island and the SOL. It would be this second (rotating) mode 
which Toi et al . detected lO . We again draw the attention to the fact that, in view of the lack 
of poloidal symmetry - either owing to the structure of the wall or to the magnetic separatrix 
geometry - a mode with poloidal mode number m can also appear on surfaces with (average) 
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q different from m. 
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Abstract 
After abrief introductiOll to the edge plasma in tokamaks, an out-
line is given of the spectroscopic measurement of some of its most 
important parameters . Hydrogen and impurity atom fluxes are de-
riveel from radially integrateel line intensities. The availability of the 
ionization anel excitation rate coefficients needed for the evaluation of 
the observations is discussed. In oreler to obtain local electron den-
sities anel temperatures, He or Li atomic beams are injected into the 
plasma. The line intensities of the respective atoms yield the desired 
elata. Measurement of ion temperatures is performed by the determi-
nation of the Doppler- widths of highly ionized C VI-lines excited by 
charge exchange with neutral H- atoms, injected by neutral beams (50 
keV) or released by recycling from the limiter. Also injected energetic 
Li atomic beams are useel . 
1 Introduction 
In a tokamak [1,2], a high temperature plasma of toroidal shape is produced 
by a high current discharge in deuterium 01' hydrogen. For stability a strong 
toroidal m agnetic field is superimposed, and for radial equilibrium a small 
magnetic field Bi parallel to the axis of the torus is applied. Fig. 1 schemat-
ically shows the transformer, which induces the toroidal current, the coils 
for the toroidal magnetic fields BT and the ring- shaped coils for the vertical 
field Bi. A medium-size tokamak like the TEXTOR experiment [3,4] in 
Jlilich has a typical toroidal field of 2.2 T, a toroidal plasma current of 350 
kA (producing a poloidal field of 0.15 T at a minor radius of r = 0.46 m) 
and a perpendicular field of about 0.04 T. In deuterium, a plasma is pro-
duced with typical electron temperatures of about Te = 800 eV at electron 
densities of n e = 5 . 1013 / cm3 . The major radius of the torus is 1. 75 m, and 
the minor radius 0.46 m. In such a discharge, there is a continuous ftux of 
particles and energy outwards which would damage the containing vessel, if 
no special wall structures were provided. Since the walls have to be thin to 
allow the penetration of electromagnetic fields for current induction in the 
clischarge, special plasma limiters, e.g. from graphite, are installed to reduce 
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the interaction of the hot plasma with the walls [5,6J . 
In fig. 2, a cut along the magnetic field lines in the neighbourhood of 
a limiter is shown. The plasma diffuses into the scrape-off layer, where a 
flow along the magnetic field lines towards the limiter is induced by the re-
combination of the ions at its surface. The neutral particles released from 
the limiter penetrate up to a few cm radially into the plasma before they 
are ionized. Together, the scrape-off layer and the ionization zone, form the 
edge plasma, which will be considered in this lecture. Before discussing its 
diagnostics in detail, it seems useful to anticipate some results concerning the 
order of magnitude of the plasma edge parameters and the main observed 
interaction mechanisms between plasma and limiter. Typical parameters of 
the edge plasma are Te;;;;'Ti between 10 and 100 eV, ne between 1012 and 1013 
electrons/cm3 and impurity concentrations of a few percent (mainly C,O 
and B) [5J. Metal concentrations are normally below 10-2%. Total particle 
fluxes to the lirniter and the wall are in the order of 1021 to 1022 /s. 
Particles hitting the limiter are neutralized and then reflected 01' first 
absorbed and later desorbed as atoms 01' molecules (e.g. H 2 , CH4 ). Lim-
i tel' material may be released by sputtering and, under very heavy loads, by 
evaporation. Chemical sputtering (e.g. release of carbon by formation of hy-
drocarbons) [7 ,8J as weil as physical sputtering (release of atoms by collision 
cascades in the solid) have been observed [8,9,10J . 
In this lecture, we will first briefly discuss the principles of the scrape-
off layer and of the plasma- wall interaction in limiter tokamaks in order to 
identify the quantities which have to be measured. These are the fluxes of 
the recycling hydrogen and of the impurities generated mainly at the limiter 
by physical 01' chemical sputtering, reflection or desorption. For these mea-
surements, ionization and excitation cross-sections for electron impact are 
of crucial importance, and therefore availability and reliability are discussed 
from a practical point of view. Then examples of measurements on particle 
fluxes frorn the TEXTOR limiter are given. 
In a second part, the determination of other important parameters like 
Ti, Te, ne in the scrape-off layer using the emission spectrum of injected atomic 
beams (e.g. H -, H e-, Li-atoms) will be outlined. The interpretation relies 
mainly on formulas derived in part one, in addition charge exchange processes 
play an important role. 
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2 Plasma edge 
A number of theoretical models exist far the plasma edge [5], some important 
results of which will be summarized here. Since the ions recombine with 
electrons at the limiter, an ion- and electron press ure gradient is built up, 
which induces a plasma flow along the magnetic field lines from the stagnation 
plane (i.e. the plane in the cent re between the limiters, see fig. 3), to the 
limiters. The velocity increases from zero up to the ion sound speed, i.e. to 
a Mach number M = 1 at the limiter (see fig . 3). At the limiter a sheath 
potential Us is formed which decelerates the electrons to such values that 
electron alld ion currents onto the limiter are equal despite of the different 
thermal velocities of ions Vi alld electrons V e . A simple estimate of Us is 
obtained by assuming that the electron density in the sheath is distributed 
according to Boltzmann's law ne = neO exp( -eUs / kTe ) and that electrons 
ancl ions flow with their mean velocity ve and Vi 
(nve /4)exp(-eUs /kTe ) = nvi/4; V = (8kT/7rm)1/2. 
For the sheath potential follows 
U _ kTe n (Te m i) e s--t.n -- . 
2 m e Ti 
(1 ) 
A somewhat better estimate is obtained by takiI)g into account that the ions 
already arrive at the sheath with the ion sound speed 
(2) 
Assuming isotherm al flow, ,e = 1 alld ,i = 1 
n:e exp( -eUs / kTe ) = ncs 
eUs = kTeen (~~) . 2 27rme Ti + Te (3) 
The kinetic energy transferrecl to the limiter is 2kTe per electron and Ei per 
ion, where Ei is given for an isothermal flow by [l1J 
2 
Ei ~ m;cs + (5/2)kTi + zeUs. (4) 
Here are several examples for different Te and Ti as weil as different IOn 
species (assuming ,e = 1"i = 5/ 3). For D+-ions: 
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Te Ti 25 eV Ei 160 eV 
Te Td4 25 eV Ei 400 eV 
Te Td2 50 eV Ei 450 eV 
for e6+ -ions: 
Te Td2 = 50 eV Ei 1400 eV 
It was assumed that the e6+ -ions reach the same velocity Cs as the D+-
ions, since collisions between eH - and D+ - ions are frequent because of the 
high charge. In addition to the kinetic energy, the e6+ - ion transports its 
ionization energy of about 1 ke V to the limiter. 
The radial decay length A of the plasma scrape-off layer is usually estimated 
in the following way: The flux into the layer 
dn n D.J..-L~D.J..-L dT A (5) 
is about equal to the flux reaching the limiter 
r = nCsA (6) 
from which we obtain 
(7) 
Here, L is the connection length between the limiter (~ 10m in TEXTOR) 
and D.J.. the cross-field diffusion coefficient, which is anomalous (about 5 . 
103 cm2 / s) 
A ~ (5 . 103 .103 /5.106 )1/2 = lern. 
As will be shown later, this estimate is somewhat doubtful, since A is a 
function of distance from the limiter. Also there exists as yet no sound basis 
for the estimate of D.J... 
3 Light emission from the edge plasma 
In the tokamak edge plasma (1012 < n e < 1013 / cm3 ; 10 e V < Te < 100 e V) 
ionization is dominated by electron impact, ion los ses by diffusion and wall 
recombination. The excitation of the discrete levels also takes pI ace by elec-
tron impact, the deexcitation by photon emission. Besides, charge exchange 
Al 
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Excitation and deexcitation in discrete levels 
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Photoabsorption end emission 
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B) lonization and Recombination 
1. A+e~A++e+e 
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Electron impact ionization 
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3. AP+. Bq~A(P-')++B(q·,)+- Charge exchange 
4. A ~A+ + e 
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Fig. 4 Excitation and ionization processes in the tokamak edge. 
The most important processes are indicated with bold 
arrows. An example for recombination of H+ ions and 
ionization times of H-atoms is given. 
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processes are important. The main difference between this "transport dom-
inated" equilibrium and the "coronal" equilibrium is that in the first case 
the recombination is determined by diffusion and wall recombination, in the 
second case by radiative recombination. In fig. 4 the processes (each one 
with its inverse) are summarized, the most important ones with bold arrows. 
The example given in fig. 4 for hydrogen shows that radiative recombi-
nation times TT > ls are much longer than typical residence times of the ions 
in the plasma. The excitation and ionization of the atoms penetrating into 
the plasma can be described by relatively simple formulas, provided that the 
electron density is low enough so that two- and multi-step ionization and 
excitation processes are negligible. The ionization of atoms penetrating into 
the plasma is expressed by the relation 
(8) 
Here r is the atom ftux/cm2 , nA the atom density, (eriVe) the ionization rate 
coefficient for a Maxwellian distribution of the electron velocities, and l' the 
radial coordinate. For the emission coefficient C(1') we obtain 
(9) 
where (erlmVe) is the rate coefficient for excitation from the ground level to 
the level m. On replacing ne in eq. (8) by its value from eq.(9), integration 
of eq. (8) yields far the flux of atoms/cm2 [12-16]: 
nAvA = r = 1T 4rrc((eriVe)/(erlmve))d1.1. (10) 
A simple evaluation of this equation is possible, if the ratio (eriVe)/(erlmVe) 
is independent of the radius. We then obtain 
r 4rr( (eriVe) / (erlmVe)) 1T cd1" 
4rr 1(1')( (eriVe) / (erlm ve)). (11) 
The atomic ftux can be derived from the measured intensity 1(1') using eq. 
(10) 01' (11), on the assumption that the rate coefficients (eriVe) and (erlmVe) 
are known. By substituting in eq. (10) the value of nA from eq. (9), an 
equation far the electron density ne(1') can be derived . 
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For ((JiVe//((JlmVe/ independent of Te and thus r', we find the simple expres-
SI on 
(13) 
Atoms, for which ((JiVe / and ((Jlm Ve / are independent of Te) are e.g. Li- atoms 
[41] in the range 20eV < Te < 100, the range of temperatures often found 
in the tokamak edge plasma. An application of eq. (13) is the derivation of 
n e (1') fI:om the observed t( r) of an injected Li- atom beam. 
In the electron density range 1012 < n e < 1013 /cm3 , eqs. (8-13) are often not 
sufficiently accurate approximations, since two- and more step excitation and 
ionization processes have to be taken into account, and these depend on neo 
For several elements, e.g. H [16], He [17,18] and Li [19], detailed calculations 
have been performed using a set of rate equations. 
dn;jdt 
k 
+ L Akink - L Aikni. (14) 
k>i k<i 
These equations are simplified by the fact that ion volume recombination 
is negligible for the levels of interest. Whereas in many cases the Aik are 
weil known, the lack of knowledge of the (Jik often makes the solution of the 
problem difficult. 
4 Cross-sections for impact of electrons with 
atolTIS 
For the determination of atom fluxes from spectralline intensities, ionization 
and excitation rate coefficients have to be known, which are obtained from 
the cross-sections d v) by averaging over a Maxwellian velocity distribution 
4 (m )3/2 {OO ((JV/ = JrI/2 2kT Jo v3(J(v)[exp(-mv 2/2kT)]dv. (15) 
The values of (Ji and ((JiV / far ionization from the ground state are tabulated 
with a typical accuracy of some 10-20 % [20]. An example for Li I is given 
in fig. 5 showing that at high energies there is a factor of two between older 
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anel more recent measurements anel recommeneled data. For ionization from 
the excited state nfm a formula by Lotz [21,22J may be used 
(O';v) ~ 6 . 10-8 . m(Ry / E;)3/2 ß-l/2 exp( -ß)f(ß) (16) 
f(ß) = -ßeß Ei( -ß) 
where Ei = ionization energy from the excited state, ß = E;j kTe , and Ei = 
the exponential integral [23,24], Ry = ionization energy of hydrogen. 
For the excitation of discrete levels of the neutral atoms only a very lim-
i ted n umber of cross-sections have been measured [25J or calculated [22,25J. 
Since oscillator strengths are much bettel' known [26], a semiempirical for-
mula by van Regemorter [22,27J can often be very helpful for the calculation 
of (O'v) values of optically allowed transitions 
(17) 
(18) 
Here is fln the oscillator strength, 6.E the excitation energy, E the ini-
tial energy of the free electron, anel ß = 6.E / kTe . ,(E, 6.E) anel p(ß) 
are about 1, more accurately tabulateel in ref.[22J. For ß « 1, we have 
p(ß) = -( V3/27r)Ei( -ß)· 
From fig. 6 we see, that the semiempirical formula often gives gooel re-
sults . Weak electric elipole-allowed transitions (e.g . Li I, 23 -t 3p) give 
dramatic eleviations because of the neglect of interactions other than electric 
dipol interaction. A comparison between elifferent calculations anel experi-
m ents for Li I 23 - 2p is given in fig . 7, where the cross- section as a function 
of electron energy E is shown. The Born approximation yielels too high val-
ues at low E, but values in agreement with experiment for sufficiently high 
E. In fig. 8, (O'iVe) anel (O'12Ve) values for Li are collecteel [41J. For electron 
temperatures between 10 anel 100 eV, these rate coefficients vary very little. 
As eliscussed earlier (eq. 13), this facilitates the evaluation of flux anel elec-
tron elensity measurements . 
For hyelrogen atoms anel some important impurity atoms, useful results on 
the number oE ioniza tions per emitteel photon as a Eunction oE Te are sum-
marized in fig. 9 [12,15J. At electron elensities n e > 1012/cm3, there is 
also a slight dependence of this ratio on n e elue to multistep excitation anel 
ionization . An example is shown for the H-atom (see fig. 10) [16J. 
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5 Experimental set-up and results 
An experimental set-up for the observation of spectral intensity distributions 
in front of a poloidallimiter can be seen in fig. 11 [28]. With a TV-camera 
and an interference filter (e.g. for Ha) a general survey on the symmetry 
of the discharge and the penetration length of the atoms can be obtained 
(see fig. 12), with a spectrometer a detailed survey of the spectrum. Sec-
tions of such spectra are reproduced in Fig. 13 [28]. The first spectrum is 
from a discharge with graphite limiter. Spectral lines emitted from the hot 
2m long plasma column between window and limiter (mainly ion lines) can 
be detected by their uniform radial intensity distribution, whereas the lines 
{rom the molecules and neutral atoms are localized in a narrow zone around 
the limiter (some of the metal lines are overexposed and therefore seem to 
extend far into the plasma). In case of the metal limiter, the spectrum is 
dominated by metallines, while in case of the graphite limiter the appearance 
of molecular lines attracts the attention. These are a consequence of "chem-
ical sputtering", a process in which hydrocarbons are produced. Although it 
is weil known that carbon and oxygen are the main impurities, there are no 
neutrallines of these elements in the spectrum, because their lines are weak 
in the visible. However, strong lines of these elements have been observed 
in the infrared. Fig. 14 shows the intensities of several spectral lines (Ha, 
C I) in front of the limiter as a function of time. It is remarkable that the 
intensities are practically constant (except for a slight modulation caused by 
the sawtooth activity in the plasma core and the feed- back control for the 
plasma position) after a few energy confinement times . Frcim the intensities 
of the C 1- and Ha-lines, the concentration of C- atoms in the D- atom flow 
has been calculated [29] (see fig. 15) using excitation cross- sections from Ref. 
[22] and ionization cross- sections from [20] . The ne and Te- profiles measured 
with a thermal He-beam (see below and Ref. [18]) have been taken into ac-
count. The concentration of C-atoms increases with decreasing mean density 
ne (i.e. ne averaged over the plasma diameter) 01' increasing Te at the limiter. 
Values of up to 6% have been measured, a value which can be explained by 
D+ -ion sputtering and self-sputtering of C-ions. 
6 Ion temperature 
In principle, the ion temperature can be determined by the Doppler- broadening 
[24] of spectrallines of impurity ions. However, only in special cases can it be 
expected, that Ti measured on these ions agrees with that of the deuterium 
ions. For example, the equilibration time [30] at ne = 5 .1012 , Te = Ti = 30e V 
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Fig. 12 Photographs of the poloidallimiter of TEXTOR in the 
light of (30) Ha and (b) 30 Cl' line [37]. 
Stainless f,m 
Steel ~ 4 
.;. 6 
8 
.. 
.~ 2 
Graphite 0 2 
CI 
E 
4 
'" 6 E 
a 8 
10 
Fig. 13 Sections of spectra cmitted from the plasma dose to 30 
stainless steel or 30 graphite limiter [28]. 
- 126 -
2.0 
# 51305 
1.6 
::j 
~ 1.2 
>. 
-+-
'Vi 0.8 c 
(l.I 
-+-
C 
I-< 0.4 
0.0 
-0.5 0.5 1.5 2.5 3.5 
Time [sec) 
Fig. 14 Line intensities of Da (>' = 656 nm) and C I (>' = 
909 nm) in front of the TEXTOR limiter as a function 
of time. 
r 
Imp (%] 
r o 6.0 
4.0 
2.0 
+ CI (9095 A) 
"V 0 I (844SA) 
OBI (2497 A) 
o .0 2.0 3.0 .0 
!ine averaged electron density [10'3 an-3 J 
Fig. 15 Concentration of carbon, oxygen and boron atoms in 
the recycling deuterium flow in front of the limiter [29] . 
- 127 -
for e+ -ions in D+ is about 150 J-Ls, whereas the life time (ionization time) is 
only about 15J-Ls, i.e. Ti measured with this ion is probably much too smalI, 
since the e+ - ion is not in thermal equilibrium with the D+ -ions. Since the 
equ ilibration time is proportional to Z-2 (Z = effective nuclear charge), a 
bettel' situation is found for impurity ions of high ionization stages, where 
the excited ions are formed by charge exchange with neutral hydrogen [31J 
or lithium [32J via the process e.g. 
H + eH --7 H+ + eS+(n = 8) 
--7 H+ + eS+(n = 7) + heiA (A = 529 nm) (19) 
This process is strongly favoured, if the energy of the H-atom (or Li- atom) 
is in the range 10- 100 keV. However, also at the presence of low energy H-
atoms this "charge exchange line" has been observed. The explanation for 
this phenomenon is probably that charge exchange occurs between excited 
H-atoms and eH ions [33], e.g. 
(20) 
Excitation by a Li- beam, a H-beam and by recycling hydrogen at the lim-
iter has been observed, and Ti-values have been derived from the observation 
of the 529 nm line of C VI. Since the n = 8 und n = 7 level of hydrogen-
like carbon (C VI) has a fine structure splitting owing to the n different 
azimuthaI quantum numbers, this line is broadened by the fine structure and 
the Doppler- effect. In evaluating Ti, corrections for fine structure splitting 
have therefore to be applied [31,32,34,35J. The Zeeman effect has also to be 
considered [31,32J. 
As ex am pIe, a Ti- measurement [35J close to the limiter will be discussed, 
where the excited e5+ -ions are formed by recycling H-atoms according to eq. 
20. The experimental arrangement is shown in fig. 16. The light emitted by 
a plasma layer 2 cm beside the top of the limiter is focussed to a light guide, 
which transmits the light over 10 m to the laboratory, where it is spectrally 
resolved with a resolution AI tü of about 105. A typical result for a neutral 
beam heated plasma can be found in fig. 17. The equation for the full 
half- width 6.Ah of a spectral line broadened by the thermal Doppler-effect 
[24J 
(21 ) 
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Fig. 16 Experimental set-up for I.he observa.Lion of the plasma. 
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(Ti in eV, M = atomic weight in atomic units) gives a temperature of 
Ti = 91 e V, which is reduced, after correction for fine structure and Zee-
man effect [31J to Ti = 73eV. Only the 7r-components of the Zeeman effect 
are taken into account, since the u- components are eliminated by apolarizer. 
Superimposed on the C VI- li ne is a number of molecular D2-lines, which are 
narrow due to the low energy of the molecules (T;:;;O.leV). Since the pen-
etration depth of the molecules is low (~ 1em), they are not present at a 
plasma radius of r ~ 44em (see fig. 17). The gradient dTi/dr is about 25 
eV/cm. The eH - D+-ion equilibration time at 73 eV, ne = 5 ·1012 /em3 
is T ~ 15JLs. At a thermal speed of 3.5 . 106 em/s, the temperature of the 
e6+ -ions averages over a region of ±50 em along the field lines. For a dif-
fusion velocity < 104 cm/ s perpendicular to the magnetic field the average 
is formed over a distance ;:;; ± 0.15 em . This is about equal to the spatial 
resolution of the optical system. 
7 Te and ne measurements by injected Li- or 
He-atom beams 
Atomic beams offer the possibility to measure ne and Te in the plasma bound-
ary with good spatial resolution. The beams may be formed by neutralizing 
high energy ion beams (10 - 100 keV), by laser ablation, by evaporation or 
by agas jet. Since atoms with low mass have the highest velocity and there-
with the highest penetration depth into the plasma, Li- , He- or H-atomic 
beams are normally preferred. As an example, an experimental set-up for 
the production of thermal Li- and He-beams is shown in fig. 18 [36J. The 
Li-beam is evaporated from an Al/Li-alloy heated to 800 K in an oven and 
shaped by pinholes, so that it has a width of about 1.8 cm at a distance of 
15 cm from the liner. The He-beam is collimated by a hole structure (many 
steel capillaries of 0.2 mm diameter and 30 mm length in parallel [16,36J. 
First experiments to measure ne(r') using eq. (13) have been performed with 
the thermal Li-beam [37J, because in this case only a rough knowledge of Te 
is needed. Since its penetration depth at n e = 1012 /em3 is only about l.5 
cm, the thermal beam is mainly useful for determining the thickness of the 
scrape- off layer at low densities. Figure 19 shows profiles elose to the Iim-
iter and near the stagnation plane, where the density profile is considerably 
broadened. This observation is in contrast to the simple model leading to 
eq. 7, with a constant decay length )., but it can be explained by a more 
advanced model [42].It is difficult to measure such phenomena with Lang-
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muir probes , since they would themselves act as a limiter. To increase the 
penetration depth, Li-atom beams have been produced by neutralizing high 
energy ion beams [19, 38J or by laser ablation [39J. However, since the laser 
is pulsed, the profiles can be measured at a few instants of time only during 
the discharge. This method, on the other hand, has the advantage that, by 
choosing an appropriate target, the Li- beam can be seeded with other atoms 
(e.g. C-atoms). The different ex ci tation and ionization rate coefficients may 
then allow the simultaneous measurement of ne and Te [39J. 
Recently published rate coefficients for He atoms brought the possibility of 
solving the set of rate equations [cf. eq. (14)J taking 20 levels explicitly into 
account [1 8J. It has been found from these calculations and proved in the 
PISCES experiment [36J that for the parameter range in question Te(r) and 
n e (l') can be m easured by local line ratios 38 3S - 2p 3 P,). = 706.53 nm 
to 3s IS - 2p Ip,). = 728.14 nm for Te; 3d ID - 2p Ip,). = 667,82 nm to 
3s IS - 2p 1 P,). = 728.14 nm for ne (see figs 20 and 21.) The observation of 
an injecteel atomic He-beam this way provides a radi al Te- and ne-profile. 
A first example of such a measurement together with ne- values from other 
di agnostic methoels is shown in Fig. 22. The agreement is satisfactory [1 8J. 
Another example (fig. 23 ) gives the Te- anel ne- values at the limiter radius 
T = 46 cm as a function of the mean density Tie [18 ,29J. It allows to estimate 
the energy of the eleuterium- anel impurity- ions hitting the limiter [cf.eq.( 4)J. 
8 Outlook 
Although most of the parameters in the plasma eelge of a tokamak can be 
m easured in principle, the interpretation depends on a good knowleelge of 
ionization anel excitation function s, which has urgently to be improveel. For 
more accurate measurements, also the ne-dependence due to multi-step ex-
citation anel ioni zation has more carefully to be taken into account than has 
been elone up to now. Furthermore, the contribution of molecules from chem-
ical sputtering to the particle flu xes has to be considered. Another task is to 
investigate the fluctuations of the plasma parameters in order to explain the 
anomalous particle and energy transport in the plasma eelge. The applica-
tion of infrareel thermography of the limiter to the eelge eli agnost ics has been 
di scusseel in ref. [1 3J and has been omitted in this lecture. The interpreta tion 
of t he spectral line widths is partly left to the lecture of Ph. Mertens. 
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1. Introduction 
The sputtering of plasma-facing components by energetic ions and charge-
exchange neutrals was recognized early as a major problem for the control of 
impurities in fusion devices. Indeed, in spite of the production which finds its 
origin in the plasma-wall interaction, the concentration of impurities in the 
plasma must be kept below tolerable levels with respect to fuel dilution (1] and 
radiation losses (line radiation and, to a lesser extent, recombination and 
bremsstrahlung). 
Concentrations of 2-5 % carbon, 0.5-2 % oxygen and of the order of 10- 3 to 10-6 
for metals are usually considered acceptable, with large variations depending on 
the temperature and on the simultaneous presence of different species. Fig. 1 
(from [2]) illustrates these conditions. 
As shown schematically in fig.2, limiters and/or magnetic divertors determine 
the edge of the plasma as will be discussed below (see also [3]). Typical outbound 
deuterium fluxes in TEXTOR [4] amount to 
rD.lim "" 2· 1018 - 2.1019 
1015 _ 1016 
cm-1 S-1 per unit length on the limiters 
(in poloidal/toroidal direction for the 
poloidal/toroidallimiters respectively), 
cm-2 s-1 for the wall. 
These values call for several re marks : 
1. The first figures, for the limiter fluxes, have to be multiplied by the 
active limiter length to give the total number of incident particles per 
second, e.g. about 10 21 /s far the poloidallimiters, 
2. Fluxes of the same order of magnitude impinge on auxiliary limiters 
like the high-field-side bumper or other protection limiters, 
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Fig. 1 Maximal tolerable concentration with respect to ignition for 
common impurities, as a function of temperature [2]. This estimate 
assumes all lasses but the radiative ones are negligeable. 
(a) Poloidal 
(c) Toroidal 
(b) Toroidal 
(e) Bundle 
Fig. 2 Different types of Iimiters (upper row) 
and of magnetic divertors (Iower row) . 
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3. The ratio of the total flux to the wall to the total flux to the limiter 
va ries from about 60/40 to 20/80 according to the type of limiter in 
use (poloidal-toroidal case respectively). 
Besides, the plasma-facing components have to meet other constraints, so that 
the criteria for the choice of first wall materials can be summarized in the 
following way : 
low impurity production rate, to avoid significant fuel dilution 
and minimize energy losses by radiation, 
low erosion losses (can force replacement of parts), . 
sufficent mechanical strength, adequate ductility and resistance 
to fatigue, 
thermal stability (thermal overload, melting, heat flux to cooling 
system), 
gas retention and release properties (recycling), 
reactor relevant properties (compatibility with high 14 MeV 
neutron fluxes, with the coolant, etc.). 
For components subject to heavy loads, two strategies have emerged. Either the 
use of low-Z materials, which leads to comparatively low plasma contamination 
in terms of radiated power, or the selection of high-Z metals, the threshold 
energy for sputtering of which is much higher, so that no contamination should 
occur. The first family includes carbon, boron and beryllium, as well as the 
corresponding carbides, in fact light elements up to silicon, whereas the second 
group focuses, for instance, on molybdenum or tungsten. 
As far as plasma-facing materials are concerned, one notes the historical 
evolution from completely metallic machines to 'all-carbon' devices, where 
limiters are made of graphite or graphite-based compounds, and the wall is 
covered with a diamond-like thin film through a coating procedure called 
carbonisation [5]. Later on, refined conditioning methods with RF-assisted glow 
discharges similar to carbonisation have been developed for the first wall (the so-
called liner in a double-wall tokamak like TEXTOR). These methods allow 
deposition of amorphous films containing boron or even silicon [6]. The reason 
for this evolution is the quest for chemically inert materials, to cope with 
chemical erosion; of not too porous surfaces, to avoid hydrogen retention and 
possible difficulties with the density control ; and, last but not least, of oxygen 
getters [7]. 
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2. Erosion processes on the wall and limiters 
The fate of the particles which escape the confined plasma in the direction of the 
wall is manifold: they may be reflected from wall components, or deposited by 
adsorption on the surface or by trapping in the bulk. They are also at the same 
time responsible for the release of wall or adsorbed material through desorption, 
sputtering or even erosion by arcs as weH as gross melting. 
The main features of some of these processes are discussed in the following 
sections. 
2.1 Boundary layer 
As we have just seen, the tokamak plasma is bounded by lirniters or magnetic 
divertors, which determine the position of the plasma edge through a last closed 
flux surface - assurning that these 'limiters' are all put to the same plasma radius 
or considering the limiting element which is set to the smallest radius, since it 
does not restrict the discussion of local phenomena in what folIows. 
Field lines outside the surface determined by the limiters, called separatrix, 
intersect wall or limiter components somewhere in the plasma chamber; the 
connection length is the distance to the next mechanical component which 
intersects the field line. Fig. 3 shows the plasma edge schematically. 
Ions diffuse across the separatrix, represented by the flux r .L, and move then 
along field lines r 11, to impinge on the limiter, as such or possibly as charge-
exchange (eX) neutrals. There, they may be reflected or adsorbed or otherwise 
trigger powerful release mechanisms as desorption or sputtering, which will be 
our main subject below. 
On the other side, atoms and molecules which es cape from the wall or limiters 
undergo different physical processes like excitation, dissociation, charge 
exchange and often most important of all (as a sink for the escaping impurity 
atoms in the present study) ionization. The flux of atoms moving radially to the 
plasma center can hence be described, as a function of the minor radius, as 
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Fig. 3 Schematic representation of the plasma edge 
as d iscussed in text. 
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T(r) = To exp (- r n(r) <O"V>i dr) 
'w Vo 
(1) 
where the subscript 0 stands for the initial velo city and flux, w for wall, and where 
i indicates the rate coefficient for ionization by electron impact. Note that the 
reduction of this flux depends on the plasma density and temperature, so that 
adequate in situ measurement of these quantities, namely ne and Te, is required 
for satisfactory understanding. With ne around 1012 cm -3 and a range of 10-
100 e V for Te, this is by no means trivial, all the more so as the plasma 
parameters at rlim-B may be different in front of the lirniter and in front of a wall 
element. For a discussion of these specialized diagnostics, we refer to the 
literature [8,9,3]. Typical profiles can be found in fig. 4. 
After a first ionization, the new ion is subject to further stripping as discussed in 
[10]; fig. 5 shows an example in the case of neon ... injected on purpose to achieve 
radiation cooling of the plasma edge (rNe up to 4'10 20 S-1 or 10 15 jcm2 s) . 
The energy, with which the incident ions strike the limiter surface, is partly 
deterrnined by the plasma sheath that builds up in front of it. 
2.2 Plasma sheath 
The plasma is generally highly conducting and can hence be considered as an 
equipotential at Vp' but objects in this plasma are not at this potential, but rather 
lying at Va' negative with respect to Vp . This potential drop takes place in a thin 
sheath of the order of the Debye length 
(2) 
For instance, with a plasma density of 1100 = 1012 cm-3 and Te around 10 eV, 
AD = 0.024 mm. noostands for the plasma density far away, where ne and ni are 
theoretically equal. 
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A thorough study of this effect reveals the presence of a pre-sheath, where the 
ions are first brought to the ion acoustic speed, and by solving Poisson 's equation, 
gives a better value for Vshealh : 
(3) 
This point is discussed by Bogen [3] (this Workshop). Ions are accelerated 
through this sheath and reach the solid surface with an energy larger then kTi 
(Ti = ion temperature). This increases the impact energy of the ions on the solid 
Le. the sputtering and possibly other release mechanisms. If Ti is the known 
quantity, then an energy of 2-5 kTe must be added to the kTi of singly ionized 
ions in order to estimate their impact energy and any thereupon dependent 
quantities. 
2.3 Physical sputtering 
The term sputtering means here the ejection or release of atoms from the bulk 
material under bombardment by ions or fast neutrals. The bulk material 
corresponds to lirniters, divertor target plates or wall as required and these will 
not be distinguished below except when it comes to discussing actual fluxes or 
exemplary physical conditions, in wh ich case the configuration will be specified. 
In fact, this material can weH be a thin coating film, the bulkiness being then 
meant in comparison to adsorbed layers. The fast neutrals mentioned as 
projectiles designate the atoms which result from charge exchange. 
One of the most important quantities is the sputtering yield 
y = 
number 0/ atoms removed (4) 
number 0/ incident ions 
Le. the number of atoms sputtered by one incident ion. 
It depends on - the (wall/lirniter) material, 
- the energy Eo of the incident ions, 
- the angle of incidence. 
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It is evidently important far tbe estimation of tbe impurity release during plasma-
wall interaction in fusion devices. As stated before, tbe impurity production 
governs the plasma contarnination. 
Theoretical aspects 
An impinging ion initiates a cascade of collisions with many target atoms, eacb of 
which exhibits a certain recoil. Since part of this cascade spreads towards the 
surface, surface atoms are knocked out of the solid, provided the energy supplied 
in the collision exceeds tbe binding energy. 
From this picture, we infer the following conditions of applicability and 
consequences : 
• Eo is distributed isotropically within the cascade among many target 
atoms and is much larger than the energy E of the released atoms; as 
we shall see, this condition is normally fulfilled in the laboratory, with 
energies above 200 e V for the ion beam, but discrepancies can arise 
with small Eo in the tokamak case, 
• the most important parameter is the so-called surface binding energy 
or sublimation energy Us ; it can be calculated from thermodynamical 
tables, 
• this energy corresponds to an even potential, i.e. a plan ar surface 
barrier. 
Note that the type of projectile deterrnines the maximal energy Tm which can be 
transferred in one elastic collision 
(5) 
== Y E' 
where E' stands for the energy of the projectile (incident on the surface, in which 
case E'==Eo, or after being slowed down by previous collisions) and MI , M2 for 
the masses of projectile and target respectively. 
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With these conventions, the energy distribution of the released atoms - as first 
derived by Thompson in [11] - reads 
E r (E,e) dE de dQ - cose dE de dQ 
(E+usl 
(6) 
for Us < E < EO' This formula can be written in terms of velocities, for the 
cylindrical geometry schematized in fig. 6 (see (12]), 
3 
r (y2 ,e) sine de drp vdv - y 3 sine cose de drp dv (7) (v2 + v;) 
Through the transformation of the variables (v, 0) into the velocities parallel and 
perpendicular to the target disc (vr , vz ), and subsequent integrations over 
cp E(O,27r) and Vr E(O , vz'R/z), one obtains the following velocity distribution 
where v s = V 2 Us / M /, 
v z = escape velo city in z-direction, 
z = distance to the target, 
R = radius of relevant target disco 
This is the distribution which is shown in the following paragraphs in the form of 
a theoretical fit. It is worth stressing that, apart from the uncertainty over the 
ratio R/z of the target radius to the distance to the measuring volume, the sole 
free parameter in the distribution is the surface energy USo 
By the way, a similar expression for evaporated atoms would be : 
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Fig. 7 Reduced threshold energy EII/Vs for sputtering of different 
target elements versus ratio of mass of target atoms to projectile's mass 
(after [23]). 
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Deviations from the simple model, refinements and other proposals 
Although eq. (21), hence also the derivation (23), is applicable to a very large 
extent to most of the practical cases we will encounter, it was repeatedly noticed 
that the sputtering by light ions of small energy may lead to some deviation. 
I quote here the following proposal [13] 
(10) 
where the exponent 2< n < 4. 
Other proposed formulas and, in some cases, their derivation can be found in the 
contribution of Däbele to the previous (lInd) Workshop on Plasma and Laser 
Technology [14]. Most of them rely on the expression of the yield in terms of a 
stopping power in the target material with atornic density N : 
1 dE S(E)= --
11 N ds 
along path s. (11) 
A tentative phenomenological formulation of Bohdansky [15] is based on the 
threshold energy, of the order of Eth = Ush (since light ions are reflected with 
negligible energy loss or knock out surface atoms if Tmax>Us); more precisely 
[16], Eth = Us /[(1-'Yh] , cf. fig. 7. With Eil = Eo/Eth , he gets : 
Y (Eil) = 8.5 X 10-3 a M2 y5/3 E'd /4 (1-1/ Eil) 7/2 (12) 
The corresponding aspect of the sputtering yield is depicted in fig. 8 
(from [16,17]). 
The angular dependence of the ernitted atoms is an important issue which has 
not yet been mentioned. Especially two ' deviations from the expected eosine 
distribution come out in the case of sputtering by light ions, at low energy near 
threshold, namely an over eosine distribution for perpendicular incidence and a 
lobe-shaped angular distribution in the direction opposite to the incident 
trajectory of the projectile for oblique incidence. These effects, summarized in 
fig. 9, are discussed in [18]. 
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2.4 Chemical Sputtering and Radiation Enhanced Sublimation 
Contrary to the physical sputtering, which consists essentially in the transfer of 
energy and momentum to the target atoms with their subsequent ejection, the 
chemical sputtering corresponds to the formation of molecules in a chemical 
reaction between the incident particles and the target atoms. These molecular 
products are for the most part thermally desorbed from the surface. 
It occurs only for definite combinations or 'systems' of projectile and target. 
In opposition again to the physical sputtering, it depends strongly on the 
temperature of the target. 
The application of usual equilibrium equations is normally not possible for these 
chemical reactions, since they do not take place in a gaseous or liquid phase but 
during the implantation of incident particles in the target, which may represent a 
much less known boundary condition. Forecasting is therefore impossible for 
systems which are incompletely known. 
The best studied system is probably carbon under bombardment by deuterons or 
impurity ions, owing to its almost universal occurrence in fusion devices. Fig. 10 
shows this pronounced chemical sputtering in the form of the probability of 
formation of CH3 and CH4 under simultaneous bombardment by HO and Ar+ 
ions. The presence of energetic projectiles (no matter which species, in this case 
argon) is mandatory. The strong temperature dependence is worth underlining. 
A review of hydrocarbon formation with emphasis on TEXTOR is given in [19]. 
The whole picture of the sputtering yield of carbon from room temperature up to 
2200 K is given in fig. 11. In addition to the peak of chemical erosion around 
800 K, the sputtering yield increases steadily from 1200 K on, which cannot be 
explained by physical or chemical sputtering. This other effect is called 
Radiation Enhanced Sublimation (RES). 
It is not of chemical nature, since it occurs also in the presence of other 
bombarding ions. It is also not a matter of pure sublimation of the target 
material, which would come up at higher temperatures (roughly 2200-2400 K in 
the case of carbon) and with a different signature (mainJy emission of C-atoms in 
the present case contrasting with the presence of ~ and C3 in the case of 
sublimation); the signature of RES is shown in fig. 12. 
The properties of radiation-enhanced sublimation have been extensively discussed 
in [20,21], in particular the temperature dependence according to an Arrhenius 
law with an activation energy of 0.8 eV in the case of carbon, and the 
dependence on the mass and energy of the incident particles. 
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The following table sums up the erosion processes. Rough limits for their 
occurrence can be found in fig. 13, which should be understood as a guide, the 
borders being by far not as sharp as depicted. 
Low energy bombardment 
chemical erosion, formation of CHx 
(sharp decrease of physical spu ttering when going to low energies) 
High energy bombardment 
low oxygen content 
T wall < 1200 K I 
physical sputtering 
chemical sputtering, 
formation of CH x 
( physical sputtering 
high oxygen concentr/i.ii) 
I chemical sputtering, 
I physical sputtering\ 
T 11 > 1400 K(iii) wa 
RES / 
\ 
/ 
COx formt. > CHx formt. 
(small amounts of metallic 
deposition reduce CHx formt.) 
> due to impurity ions 
( + eventually RES triggers self-sputtering) 
(i) this limits the tolerable oxygen content of the plasma, especially with carbon 
based walls, 
(ii) the carbon release may clearly follow the oxygen density and does not fall off 
at the wall as expected from the temperature dependence of the sputtering 
yield Yc [4], 
(iii) this may put an upper limit to the temperature of wall components to about 
1600 K at most (cf. [22]), to avoid a catastrophic increase in the carbon or 
boron concentrations. In this respect, no onset of radiation enhanced 
sublimation could be observed so far in tokamaks - see especially [43]. 
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3. Diagnostics and examples 
3.1 Methods for the measurement of the sputtering yield 
and of velocity distributions 
a) Sputtering yield 
It is usually measured in the following ways [23]. 
- change in mass of the target sampie : 
the weight-loss is measured with aresolution of the order of 1 iJ-g 
- thickness change of the target: 
post-irradiation measurement of area density, of depth profiles 
or of the removal of a pre-determined thickness (but beware of 
substrate of different material). 
- change in mass of collector plates; possible during the 
sputtering process with quartz-oscillator balances : one measures 
the variation in the resonant frequency of the crystal. Collector 
plates are also suitable to the investigation of angular 
distributions [18]. 
- apart from the use of collectors, sputtered material can be 
detected by ionization and subsequent detection of the ions with 
different techniques, e.g. quadrupole mass spectrometry [24]. Or 
the sputtered material can be detected by laser-induced fluo-
rescence, as quoted under (b). Owing to its uncertainty, this 
latter method may be less suitable for the determination of 
absolute yields but can be used for relative measurements. 
b) Velocity distributions 
The method of choice is here the laser-induced fluorescence 
(LIF), where the resonant excitation of atomic lines is followed 
by the broad hand observation of the decay. Continuous 
detuning of the laser allows scanning of the Doppler profiles of 
the escaping particles. The method is comprehensively described 
in refs. [25,26,9] . 
One shouldn't forget, however, that emission spectroscopy leads 
to elegant measurements of the velocity distribution as weil, as 
will be shown later in § 3.4 (b). 
- 159 -
3.2 Thompson velocity distribution in terms of wavelength 
Equation (8) can be transformed with the help of the Doppler relations 
A-Aü = Vz Ao / c and f1A s = Vs Ao / c, into the following spectral profile [27], 
which is here normalized. f1A = A-Ao is the value that is accessible directly to a 
tunable laser. 
(13) 
We can now turn to practical examples of the application of these techniques in 
the laboratory and, in situ, in the tokamak. 
3.3 Experimental setup and measurements in the laboratory 
An experimental arrangement for laboratory measurements is shown in fig. 13'. 
The laser beam which excites the sputtered atoms enters the vacuum chamber 
from the left side, propagates through a small hole in the target, and is monitored 
by a detector represented on the right side of the picture. The sputtering target 
has a diameter of 3-4 cm. It is bombarded by an ion beam of 10-30 mA i.e. a 
typical current density of 1-2 mA/cm2• Argon, neon and helium are the 
commonly used ions. 
It should be stressed that the laser beam actually covers, with few gaps, the very 
wide range of wavelengths which is required for the detection of sputtered atoms. 
Especially the light elements one deals with in fusion devices, namely H, D, B, C, 
0, Si ... have their main resonant lines in the ultraviolet or even more in the 
vacuum ultraviolet (VUV), where lasers are hardly available. This calls for 
different techniques to shift down the fundamental wavelength of the pulsed dye 
laser we use, like 
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vuv mirror ion gun 
laser 
beam 
~ 
tripling cell 
t- "\ 
rJ." quartz .... indo .... 
optional glo .... -
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viewing dump 
protective plate 
Fig. 13' Experimental setup for measurements with laser-induced fluorescence in the 
laboratory. Note that (a) the tripling cell is reserved to .A< 130 nm and can be replaced by other 
systems for other spectral ranges; (b) the targets can be exchanged without breaking the vacuum. 
stops 
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• freque ncy doubling, with KDP or BBO crystals, for example for the 
detection of B, Si around 250 nm [28, 29], 
• frequency tripling in mixed noble gases - Ar, Kr, Xe - for the detection of 
H, D, C between 115 and 128 nm [30, 31, 27], 
• Raman shifting, e.g. for C around 166 nm [32-34], 
• or even combinations of these: Raman shifting of the frequency-doubled 
laser radiation for 0 at 130 nm [35, 36]. 
The power obtained va ries between 20 Wand 200 W for frequency tripling. It is 
higher for the different Raman schemes, although sometimes less reproducible 
especially after a great number of Raman steps. The pulse duration lies in the 
range of 4-12 ns. On the laser detector side, flexibility is required to cope with the 
spread in the wavelengths to be monitored: one uses photodiodes, 
photomultipliers and, in the VUV, specially developed gold diodes [27 op. eil.]. 
Windows range from quartz in the UV to MgF2 or LiF in the vacuum Uv. 
Below 130 nm, windowless systems are preferred for the observation optics of the 
fluorescence . Indeed, we use telescopes, as shown in fig. 13,20 over the whole 
spectral range. They image the fluorescence volume onto a solar-blind 
photomultiplier, which is normally gated, i.e. switched on for about 10 Ils only. 
Examples of sputtering profiles are found in figs. 14 and 15 for hydro-
gen/deuterium (sputtered from a metallic hydride) and for carbon (sputtered 
from a graphite target) respectively. The former case shows the isotopic effect in 
form of a narrower profile for deuterium. In the latter case, the only free 
parameter for a comparison with the theoretical profile (13), the surface energy 
Us , was estimated to about 8.0 e V ; the solid curve corresponds to the best fit of 
a Thompson distribution, taking into account the laser own spectral width. This 
value is close to the theoretical value of7.4 e V. 
That the experimental setup allow the investigation of actual plasma-facing 
materials is emphasized in the study of thin a-C:H films resulting from the 
conditioning procedure of the tokamak walls (carbonisation, [ac. eil.). The 
following questions were raised. (i) Wh at is the velocity distribution of the 
sputtered atoms? (ii) Is the sputtering yield Yc for carbon from the film 
different from the value for the case of pure graphite? (iii) Is there a 
dependence on the fluence (cumulated ion dosis to which the material was 
exposed)? (iv) And how is the sputtering yield of deuterium Y D from the same 
film? 
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Fig. 16 Velocity distribution of carbon atoms sputtered from an a-C:H layer. 
Experimental points and a Thompson distribution with ~ =7 .6 eV are 
shown, together with a protile measured in a glow discharge (narrow, double-
peaked line). These are the same spectrallines as in the previous figure . 
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The investigation of sampies which were coated in situ In TEXTOR and 
withdrawn through a dedicated vacuum lock was made possible in the laboratory 
by pulsing the argon ion gun with a time duration of 100 iJ-s [28], and an average 
total current of about 20 mA or 1 . 1012 incident particles /cm2 and per ion pulse. 
The velocity distribution turned out to be about the same for the thin amorphous 
carbon film as in the case of bulk graphite (fig. 16). Only small variations were 
observed in the sputtering yield plotted in fig. 17; they amount to about 10 % if 
one takes into account sm all variations in the operating conditions of the ion gun. 
No dependence on the fluence was noticed for Yc. But a dramatic change 
occurred in the case of deuterium: within 2000 shots (3.5 1015 ions), the 
sputtering yield Y D is reduced by a factor of 30 with respect to a fresh layer. This 
effect is shown in fig. 18. Graphite saturated with deuterium has a reduction of 
Y D by a factor of 6, saturated with hydrogen a reduction by a factor of 3-6. Since 
the decay of Y H with fluence in the latter case is itself dependent on the 
temperature, we suspect that the presence of water traces in the chamber 
supplies hydrogen to the target. This example underlines the importance of the 
sampies' history or of the actual wall condition for reliable tokamak operation. 
A last example of the laboratory investigations will be discussed in the next 
paragraph, the sputtering of silicon sampIes for comparison with profiles 
recorded during tokamak shots in front of a test limiter. 
3.4 Setups and measurements on the tokamak TEXTOR 
a) The experimental arrangement for the measurement of the density and 
velocity distribution of deuterium in the vicinity of the wall in TEXTOR is 
schematized in fig. 19 [37] . The VUV-laser system is tuned to La at 
121.5 nm. The fluorescence volume, located 4 cm in front of the liner, is 
observed in two directions, along the laser beam line with an angular offset 
of about 5°, and perpendicularly from above for a better spatial resolution. In 
both cases, Cassegrainian telescopes are used. 
Thanks to a venitian laser dump, a signal to noise ratio of 10-40 is reached, 
meeting the former expectations of an estimation [30] which took into account a 
La excitation by electron impact < a l 2 ve > of about 3.10- 8 cm3/s 
(1015 photons/cm2.s.sr) and a negligeable bremsstrahlung of the order of 
1010 photons /cm2.s.sr. 
Typical signals are presented in ref. [38]. The spectral profile shown in fig.20 
eorresponds to a density of 4.109 atoms/em3 in a veloeity interval of 106 em/s. Its 
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Fig. 19 Experimental arrangement for laser-induced fluorescence in the VUV, 
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Fig. 21 Experimental setup for the measurement of the velocity profiles 
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width indicates low energy Franck-Condon atoms from molecular dissociation. 
Such profiles can now be recorded within the plateau of a single plasma 
discharge, by fast pressure tuning of the laser oscillator, which opens new 
possibilities to this diagnostic [39]. 
b) Another experimental observation system - cf. fig. 21 - was set up to observe 
the emission of a Doppler-broadened carbon !ine in the ne ar infrared, CI at 
909.5 nm [40]. The measurements were performed in front of a graphite test 
limiter. 
The Zeeman-splitted profiles in fig.22 display many interesting results. Firstly, 
the presence of a signal with positive 11;" detuning on the left side of the picture 
reveals particles moving towards the limiter, especially for the high ne values 
corresponding to low temperatures and narrow !ine profiles, an indication of 
pronounced chemical sputtering. Moreover, the density scan displays a dear !ine 
broadening with increasing Te at the edge. This is in turn the sign of physical 
sputtering. In fact, a Thompson distribution with Us = 9.3 e V can weil be fitted to 
the experimental data, as demonstrated in fig. 23 [37]. On the high energy range, 
the extension of the profile up to 100 eV, can presumably be attributed to self-
sputtering of carbon. Emission spectroscopy can thus in some cases provide 
extremely refined measurements with somewhat less expenditure than some 
other active diagnostics like, for instance, laser fluorescence. 
c) Fig.24 shows the experimental setup far the application of laser-induced 
fluorescence in front of a limiter. Again, these measurements are carried out 
in situ during the tokamak shot. A compact telescope design is used for 
radial observation, which can be put into operation for any wavelength 
between 120 and 700 nm. A further advantage of this design is the ability of 
scanning the fluorescence volume radially by continuous tiIting of the 
complete system. In contrast to the systems presented under (a), the laser 
path is here vertical, shooting through a window in an upper port directly 
onto the limiter head, and the variable direction of observation is almost 
perpendicular to the laser beam. 
The test limiter under examination was made of about 30% silicon embedded, 
mainly in the form of silicon carbide, in a graphite matrix. The fluorescence was 
excited on the 3P2 - 3P2o line of Si I at 251.6 nm. The laser was frequency-doubled 
with a BBO crystal and tuned by pressure variation to scan the spectral profile 
within 2.5 s. Experimental details are given in [29]. 
Fig.25 shows the recorded profile (black dots) together with the much narrower 
line from a glow discharge (triangles and dashed line). The latter gives the 
position of the reference wavelength and an upper !imit to the laser spectral 
width of ca 1 pm. The solid !ine corresponds to a Thompson velocity distribution 
(eq. 13) with Us =4.9 eV. The radial decay length of the fluorescence signal as a 
solar-blind 
photomultiplier 
....... 
motor drive 
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function of the distance to the limiter surface (not shown) gives an es ti mate of 
the l/e-penetration depth (eq.1) of 7 mrn, corresponding to a velocity 
of 3 . 10 5 cm/s. 
With the very same laser system, the sputtering of a silicon wafer from the 
semiconductor industry by He+-ions can be compared to the limiter case. Fig. 26 
demonstrates that a similar distribution can be fitted to the measured profile, 
with the same energy of Us = 5 e V. As stated before about laboratory 
measurements, the oxydation of the target may again playa dominant role in the 
total yield [41]. 
4. Conclusion and future prospects 
The theory of sputtering is certainly mature with respect to the irradiation of 
crystals as weil as polycrystalline materials. But many detailed aspects; such as 
the angular distributions, absolute fluxes in both directions, simultaneous 
sputtering of multi-component targets, the occurrence of radiation enhanced 
sublimation or the relative importance of chemical effects and moleeule 
formation, have not been verified or observed completely yet in situ, i.e. in a 
tokamak, owing to the technical complexity of the undertaking. On the other 
side, rate coefficients for some of the intervening reactions are still badly missing 
as pointed out by Bogen [3]. Both points of view mean that modelling still has to 
rely on many hypotheses, the consequences of which can only be checked very 
indirectly in a real fusion plasma. 
Accordingly, diagnostics have to be further developed on purpose and opera ted 
in the laboratory and preferably on tokamaks. 
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ABSTRACT 
This paper outlines the main principles of shield 
design criteria for the future fusion reactors with an 
emphasis on the main parameters for shield optimization. 
The nuclear performance of the blanket and the inboard 
.outboard and penetration shields and their significant 
impact on the performance, operating conditions and cost 
of the fusion reactors are also discussed. In addition , 
the measured and calculated data of 14 MeV neutron fluxes 
and energy distributions in materials widely used for 
shield construction of fusion reactors are given and dis-
cussed. 
1. INTRODUCTION 
The fusing of the heavy isotopes of hydrogen , 
deuterium produces eithe~ tiritium plus a proton or the 
3 light isotope of helium, 2He plus a neutron. In each 
case the evolution of energy is considerable, approxima-
tely one part in a thousand of the total mass involved 
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in the reaction being converted into energy. The fusion 
of deuterium with tiritium in the (D,T) reaction is 
even more efficient in that almost four parts in a 
thousand of the initial mass is converted into energy. 
Thus, fusion reaction gives a promissing source ofenergy 
and if compared with fission process it has several pot-
ential advantages (1). 
1 - Deuterium reserves in the form of heavy water in the 
sea are appreciably greater than that of uranium or 
thorium, some 100,000 times greater than the proba-
ble economically recoverable fission reserves. 
2 - The products of fusion processes are the tritium and 
the two isotopes of helium. The two isotopes of helium 
are stable and therefore do not represent a possible 
radition hazard. Tritium is radioactive but canot in 
any sense be regarded as a waste product, since it 
undergoes fusion more efficiently than does naturally 
occuring deuterium. 
3- The total arnount of radioactive material in a working 
fusion reactor is likely to be very much less than 
that in a fission reactor and in the event of an acci-
dental release of reactor material the health hazard 
would be appreciably less. 
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The main disadvantages of the fusion reaction from 
the shielding point of view are : 
1- The neutrons emitted are highly energetic, (carrying 
about 80% of the total energy released from the re -
action) and are therefore most penetrating. 
2- The intense neutron fluxes from a fusion reactor would 
render the constructional materials extremely radio-
active but it is difficult to imagine an accident 
which would spread these over a wide area or reduce 
them to a condition in which they could be ingested(2). 
Therefore, the incentive to produce a self- sustained 
controlled fusion re action for electricity production is 
considerable. AccordinglYt serious efforts were devoted 
to the material and shielding investigation of 14 MeV 
neutrons from (D,T) reaction. The shield analysis in 
this respect was focused on a careful optimization pro-
cess for the inboard shield composition and material 
arrangement to minimize the radiation effects on the 
toroidal field coils. The outboard bulk shield compo -
sition and material arrangement were optimized to achieve 
a dose equivalent outside the bulk shield of < 2.5 mrem/h. 
Also, the penetration shields must be designed with 
overall integrity to satisfy the same requirements as the 
outboard bulk shield. 
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2. DESIGN CRITERIA AND MATERIAL SELECTIONS 
Shield optimization is one of the main factors for 
fusion reactor design . Generally speaking the thinner the 
shield the less expensive the device and in case of toka-
make, the higher the plasma ions and fusion power density 
(for a given magnetic field strength in the coils). 
Therefore a careful optimization process for the inboard 
shield composition and material arrangement within the 
allowable radial shield thickness is necessary to mini-
mize the radiation effect in the torodial field coils. 
These coils are designed to last the lifetime of the 
reactor without change in performance. Also the outboard 
bulk shield and penetration shield composition and mater-
ial arrangement must be optimized to achieve not more the 
maximum permissible dose. The materials chosen for shield 
construction and shield analysis must fulfil the follow-
ing requrernents: 
1- The radiation level at the outside shield surface 
should not exceed the permitted leve 1. 
2 - Minimum heat released within the shield body. 
3- Minimum contribution of secondary gamma- rays to the 
total he ating. 
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5- The activity level of shielding lay-out and the coolant 
circuits should be at the lowest level. 
These requirements depends largely on the properties 
of the materials selected for shield construction. The 
material, selection and a related task, optimization, 
together offer the gre atest potential for weight or cost 
safings. The material tasks requires a variety of skills; 
good gamma and neutron attenuation properties, heat trans -
fer, structural characteristics, chemical inter action 
other physical properties a nd economics must all be app-
lied in a thoroughgoing analysis (2). 
In nature there are no materials which satisfy all 
the shielding requirements, therefore, artificial mater -
ials or in same cases a shield consisting of layers of 
d i fferent materials must be constructed . Also , a ll the 
engineering and economic advantages and disa dvantages of 
the various materials must be weighted carefully and the 
operating conditions of the particular nuclear reactor 
must be taken into account . In case of fusion reactors 
the nuclear performance of the materials of the blanket 
and inboard shield will have a significant impact on the 
performance, operating conditions of the toroidal field 
COils(3,4). These coils are designed to last the lifetime 
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of the l[1eactor without change in their performance. There-
fore, the shielding system must protect the different 
components of the toroidal field coils from radiation 
damage to the superconductor materials and insulator 
materials. In addition, the copper resistivity is more 
sensiti ve to the neutron fluence where a neutron 
fluence of 10 18 n/cm2 generates an induced resistivity of 
-8 ., 
7 x 10 Jl.. cm. 
Therefore, it becomes necessary to have an accurate 
data obtained by more precise calculational methods with 
experimental verification that can be used in the shield 
design of these reactors. In this paper a reviews are 
given on the experiments that were carried-out to measure 
the energy degradation and spatial energy distributions 
of 14 MeV neutrons fram (D,T) re action in steel graphite 
and polypropylene shields. The obtained results :are com-
pared by their counterparts given by calculations based 
on the removal and removal diffusion methods. The 
experimental facility, measuring and calculational pro-
cedures are briefly described and discussed in section 3. 
3. MEAS UREMENT AN!) CALCULATIONAL PROCED URES 
Measurements and calculations of the attenuation and 
spatial fluxes and energy distributions of fast neutrons 
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in the materials under investigation were performed for 
shields in the form of cylinder having a monoenergetic 
4 point source of energy 14.1 MeV produced by D(t,n) He 
reaction at its centre. 
Measurements were performed for steel shield and 
for homogenous and two layer shields of steel and gra-
phite and steel and polypropylene shields. Measurements 
were performed for different thicknesses of these mater-
ials in the range 5 up to 40 cm. All measurements were 
made by a neutron- gamma spectrometer with NE - 213 liquid 
organic scintillator. The intensity of the emitted neu-
trons was measured by detecting the alpha particles 
associated with the neutrons in the reaction using a 
plastic scientillator placed in the alpha flight tube (5). 
The spectrometer was calibrated and tested by meas-
uring the spectrometer linearity and energy scaling by 
means of gamma rays from standard sourees . The relation 
between recoil proton and electron pulses was determined 
by using a monoenergetic beam of neutrons of energies 
4 . 3 
14.13 MeV from T(d,n) He and 2.48 MeV from D (d,n) He 
reactions and with gamma- ray sources to determine the 
relationship between electron and proton energies which 
give the same pulse height . The spectrometer discrimination 
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capability i.e . , its sensitivity to rejection of gamma 
background was tested by using gamma- rays from 60 co and 
neutron and gamma- rays from Am- Be source. Measurements 
were carried out for Am- Be and 60 co and another for 
Am- Be only , in both cases the measurements were performed 
with and without pulse shape discrimination. Also corr-· 
ection for losses in electronics used to separate proton 
pulses from gamma pulses was performed by measuring the 
pulse height distributions of neutrons from the T (d"n)4He 
reaction both with and without the use of the neutron-
gamma ray discriminator . The measured pulse amplitude 
distributions was converted to neutron energy distribut-
ions by a simple and accurate method based on different-
iation technique(6) . 
The spectra of fast neutrons which have passed 
through homogeneous and heterogeneous media of steel , 
graphite and polypropylene of different thicknesses have 
been calculated by using a combination of multigroup 
diffusion and removal diffusion equations . The diffusion 
coefficient calculated with higher order corrections for 
anisotropie scattering was used instead of the commonly 
used transport rnean free path devided by three . The 
source of data, i . e . cross sections and inelastic scatt-
ering probabilities for the multigroup calculation was 
the 2 0 group cross- section set due to Yiftah and Sieger (7). 
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The set covers a range of neutron energy from 500 eV 
up to 14 MeV with ten groups above 0.3 MeV . Calculations 
have also been carried out using the Russian ABBN set(8), 
with a highest energy limit of 10.5 MeV. Two other groups 
with energy boundaries at 12 and 14 MeV have been supp -
lemented from the Yiftah- Sieger set. The inelastically 
scattered neutrons from the lower groups of ABBNi the 
down scattering propabi1ities for these two groups given 
in the Yiftah-Sieger set have been modiEied to match 
the group boundaries oE the ABBN set. The values oE the 
microscopic removal cross- sections which have been used 
with the multigroup calculations were taken from the . 
tabulated values of microscopic cross sections calcula-
ted by Avery et a1. (9) 
4- RESULTS AND DISCUSSIONS 
The measured and calculated spectra Eor neutrons of 
energies between 0.5 and 14 MeV passing through steel 
layer of thickness 20 cm is presented in figure 1. The 
spectrurn is plotted as neutrons per sec per cm 2 per MeV 
versus neutron energy in MeV. Similar spectra for 
homogeneous and two layer shields of steel-graphite , 
and steel-po1ypropylene are given in figures 2, 3, 4, 
and 5. 
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In case of steel-graphite shields, the homogeneous 
shield was built up from successive layers, 2.5 cm 
thick, of steel and graphite while in the case of the 
heterogeneous shield, the graphite layer has been 
placed behind the steel and nearest to the spectro-
meter detecting element. For steel-polypropylene 
shields, the homogeneous shield was built up from succ -
essive plates of steel and polypropylene each of thick-
ness 1.25 cm, while the heterogeneous shield was formed 
from two layers with the polypropylene 1ayer placed 
behind the iron layer and near to the detector. 
Figures 1,2,3 and 4 show that the measured spectra 
behind steel, homogeneous and heterogeneous steel 
graphite shields and ,lPnogeneous steel-po1ypropy1ene 
shields agree within the limits of experimental error 
with that calculated by the removal diffusion method 
in the energy range 0,5 - 12 MeV while for spectra 
calculated by the diffusion method are lower than the 
others. For neutrons of the first energy group (12 - 14 
MeV) a remarkable difference between the measured and 
calculated spectra are observed. This discrepancy may 
partly be explained by the difference in experimental 
and theoretical geometries. the uncertainties in group 
constants used in calculation and the depression in 
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pulse height due to the leakage of some recoil protons 
at this high energy from the scintillator be fore relea-
sing their energies. In case of two layers shield of 
steel polypropylene , the measured spectrurn shows higher 
values than those calculated by both methods for neu-
trons of energies from 0 . 5 - 12 MeV. However, for 
neutrons of the first energy group, i.e. from 12-14 MeV 
the measured spectrurn is lower than those calculated 
by removal ca1culation whi1e it is higher than those 
given by diffusion calcu1ation. This can be attributed 
to the same reasons mentioned before . 
The measured neutron fluxes behind various thicknesses 
of steel and homogeneous and heterogeneous shie1ds of 
steel, steel- graphite and steel polypropylene are shown 
in figures 6,7,8 and 9 for neutrons in the energy groups 
of energy boundaries, 12 - 14 MeV, 4- 6.5 MeV, 1.4- 2.5 MeV 
and 0.4 - 0.8 MeV. To obtain these curves the measured 
fluxes were integrated over the group boundaries. The 
relations are plotted as neutron fluxes per cm 2 per sec. 
versus shield thickness, D in cm. 
These figures show that steel is the most effective 
shield for fast neutron attenuation of energies from 
12 - 14 MeV. They also show that within this energy range 
shields of homogeneous stee1- polyprOpylene are more 
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effective than the other rneasured mixtures of heterogen-
eous steel- polypropylene or hornogeneous and heterogeneous 
steel- graphite. It is evident that the heterogeneous 
steel- graphite shields are the poorest attenuators for 
neutrons of energies from 14 to 2.5 MeV . 
For neutrons of energies from 4-6.5 MeV steel and 
hornogeneous steel-polypropylene shields compete for the 
best neutron attenuator. Pigures 8 and 9 show that 
neutrons of energies range from 0 . 4 - 2 . 5 MeV, homogen-
eous steel- polypropylene followed by the heterogeneous 
shields of these elements are the best for neutron att-
enuation, while steel and homogeneous shields of steel-
graphite show the least neutron attenuation. This can 
be attributed to the fact that within these energy ranges, 
where the elastic scattering with hydrogen iS predominant 
and the cross section increases with the decreasing of 
neutron energy, shields of the two layer from with steel 
layer proceeding the polypropylene one are more effective 
for ~ow energy neutron attenuation . However, for steel 
shields, the flux attenuation is least at lower neutron 
energies since the values of the inelastic scattering 
cross section which is the main removal mechanism in 
steel decreases with decreasing neutron energy . 
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CONCLUSIONS 
1. careful selection of shielding materials, shield 
optimization processes, shielding composition and 
material arrangement within the allowable shield 
thickness are necessary to minimize the radiation 
effects in the toroidal field coils. 
2 . The thinner the shield, the less expensive are the 
devices and in case of Tokarnake, the higher the 
plasma ions and fusion power density (for a given 
magnetic field strength in the coils). 
3. Shields of steel and mixtures of steel and hydrogen 
containing materials are the best for fast neutron 
attenuation of 14 MeV energy. It appears that no 
single shield is idea~, steel is very effective 
for energy ranges where inelastic scattering process 
is predominant, while one can find that shields con-
taining hydrogen are the best for low energy ranges. 
4. Shields containing ducts and voids should be carefully 
examined with a precise analysis of the contribution 
of strearning, leakage and albedo components to the 
total dose level at shield surface. Also the dependence 
of the contribution of these components on the duct or 
void geometry have to be studies for sources of different 
geometries. 
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Electron beam generated plasmas In abnormal glow discharges 
E. Hintz 
Institut für Plasmaphysik, Forschungszentrum Jülich GmbH 
Association EURATOM-KFA, 52425 Jülich, Germany 
1 Introduction 
Referring to the structure of the glow discharge 111 as it is presented schematically 
in Fig. 1, we shall be interested in the discharge region adjacent to the cathode 
fall, i.e. the negative glow. The bright glow emitted from this region has given 
tbis type of discharge its name. Accord- Aslon dork Forodu)' dork 
ing to the diagranl it is characterized by a spoce 
neutral plasma of relatively high density 
and low electric field. Its existence is due 
to the ionizing collisions of energetic elec-
trons emitted by the cathode fall. As long 
as the "normal"glow discharge has been 
the main subject of research, the nega-
tive glow has not received great attention 
compared e.g. with the positive column . 
In case of strongly abnormal discharges, 
however, it can easily dominate the ap-
Co/hode' Ncogol/ve Anode 
. J(W r(W /r _____ Y_IJ~ 
b?V]VC jVA 
~CI~ ; j 
pearance of the discharge. The dljl~7====J ,=~ 
abnormal glow discharge is distinguished ~ Je J 
by its current density j Ip2 and discharge 11 
,11+ 
voltage Vd being large compared to the '<-- 11. 
" /In-li., '" 
voltage Vn and current density jnlp2 of ". ".,.> 
anormal discharge. At larger values of Vd fl~ ~ 
tbe electrons crossing the boundary be- l'~q(II .. -II,.) 
tween cathode fall and negative glow ap- ' ~ ==-- ~ 
pear as energetic beams with the average Figure 1: Spatial structure of the gl v dis-
charge; I: light intensity; <p: electric poten-
electron energy approaching values of tbe tial, E: electric field; j: current density; n .. 
order e · V" which is large compared to the 11+: charge density; p: sllace charge density 
ionization energy IVi of tbe gas atoms . Depending on tbe gas density the beam 
electrons will loose their energy only after lllany inelastic collisions. The length 
of the negative glow will be comparable to the range of the ellergetic electrons; 
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1'01' low de1lsitics it lllay approa.ch a meter. 
H'c shall try to describe the main featllres of the plasma ill the negative glow 
by lllean5 of 11. thcoretical model in sectiOil 2. 111 section ;j wc 5hall outline an 
experimental arrangement for the study of the negative glow, with dimensions 
ilnd parameters chosen such that conditions of the theoretical model are approx-
imatcd. We will then rcport on cxperimental studies performcd mainly with the 
help of Langmuir probes. 
Section 4 will be devoted to 11. discussion of the experimental results and in section 
5 we shall try to dra.w some conclusiolls. 
2 Properties of the plasma in the negative glow 
of strongly abnormal discharges in noble gases 
: olJrwtnol 1 ~~% ~~l I : glcw 
: stlf SlIsloitltd: :sv6~ : diJcnorg. 
1. dis'~ 1 :';k~al , 
v 
• • ".diJdlorg' : 
1
@--r./1-------'B--C!' :: 
: ",,,,,0/ ß!ow dtl (/lqrgf i 
".<1» 0 
I""", 
100 I bun: pli" "IClti< CIItrfIIls E F 
1 A 
0'0' /1 I~" 
In order to emphasizc' 
the open physical prob-
lems, we shall choose 
for ollr studies a ge-
omet,ry as s imple as 
possible and dischargc 
parameters which per-
mit the consideration 
of a relatively s111a1l 
number of physical pro-
cesses. We consider 
therefore only dischar-
ges in cylindrical ge-
ometry, with nat cir-
cular electrodes tak-Figlll'e 2: CllrrclIL vo ll.agc charactcrisLic or a glow discharge 
in lIeon (I t.orr)/2/ ing place in 'noble gases 
(pressure range 10-2 - Imbar). We require an clectrode separation 2f large COlll-
pared to the thickncss of the cathode fall cl ami an electrode radius l'E > f. 
The properties of a glow discharge, in particular, of the negative glow, are deter-
llIillCd to a large degrce hy the currcnt voltage characteristic. Such 11. characteristic 
for thc case of lleOll at ~ I mbar is shown in Fig. 2, here, in particular, the differ-
ellt 1l10des o[ opcmtion in clependence on the 1l1agllitude of the discharge cmrcnt, 
a rt! distingllishcd . 
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\VC shitll direct our attention to the 30 
_ LJ ~ Clirreilt range labelIed as abnormal, 
where the voltage strongly increases 
with increasing current. It seems 
to be evident, that for a meaning-
ful experimental study of the nega-
tive glow a weil defined and repro-
ducible current- voltage characteris-
tic is needed. 
[n order to get a bettel' idea of the 
voltage range which will be of inter-
est, we consider Fig. 3 which, shows 
the length of t.he negative glow and 
the range of energetic electrons as 
a function of voltitge, respectively of 
the energy, for different gases; we are 
mainly interested in the data for He 
and A. For He, we know from the lit-
erature ]J • cl ~ 1.8 cm mbar, and for 
A ]I ' cl = 0.1 cm mbar, both values 
depending on j. With 2rE ~ 10 cm, 
i.e. 2e< 10 cm and with the range 
of the electrons to be large compared 
to 2e, (to the effect that beam prop-
erties will be constant along the dis-
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Figure 3: Comparison of length of negative glow 
with range of electrons . = length of negative glow; 
- = range of electrons. Points taken at the indi-
cated pressures reduced to lmm Hg. /3/ 
charge axis) a value Vd~lOOOV should be sufficient. 
Recently computer models have been developed for the description of the electron 
motion in the cathode fall, in particular, of the electron energy distriblltion (01' 
the ~nergy distribution of the ~lectron Dux EDEf) itt the end of the citthode fall. 
J1e~ults of such simulations of a helium glow discharge for different vitlues of Vd 
are shown in fig. 4 und 5. Values for Vd andll x cl were taken from experiments. 
It illustrates quite c1early the formation of an electron beam with an energy of 
1000 eV which is about equal to eX Yc/. Measured electron energy spectra for the 
ca se of a glow discharge in argon are shown in fig . 6. There is also experimental 
evidence that the current density at tbe boundary of the cathode fitll is rather 
uniform. 
We are nolV in the position to propose a relatively simple theoretical model for 
the clectron heam generated plasma of the negative glow. An elcctron beam of 
cll c rgy Wb ancl current density jb, which is uniform itlong the radius and along 
.. 
...., 
/.0 00 120 
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Figure 4: The development of the EDEF at different positions in the sheath region 
for a cathode fall Vc = 200V and a sheath width pde = 1.663 mbar cm. Inset : 
the EDEf close to the sheath/negative glow boundary for Ve ~ 200V measured 
by Gill and Webb (1977) /4/. 
-" 
i 
w :i )( ., ...., 
0 
,I f // o . ~ 
" .. 
.3 
; 
.§ : , ~ .I 
/ 
200 WO 600 000 1000 
E
K 
(eVl 
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the ilxis is injected into the region adjacent to the cathode fall . 
\ 'Ve rurthcr assume a uniform gas density n g . The number of ions produced per 
1Iliit length per eledron is given by 0' = O"i(IVe)·ng where O"i is the cross-section for 
ionization by eledron impact. By multiplying 0' with the flux density of electrons 
jb/e, we obtairi the nllmber of eledrons generated per cm3 s. Since recombina-
tion processes are negligible, we may assume that the losses are determined by 
al1lbipolar diffusion, with the ambipolar diffusion coefficient Da being given by 
Da = 11ikTe/ e, where Pi is the ion mobility and Te the eledron temperature. 
Because the energy needed for the ionization and excitation of the gas atoms is 
provided by the electron beam and cross- sedions for elastic collisions are smalI, 
the electric field should be small (E ~ 0). With these assumptions we, first of 
a ll , write down the general particle balance equation: 
0" Jb 
- \lDa \1 n e = --
e 
With respect to geometry we shall consider two cases: 
the illfinitely long, circular cylinder: 
(1) 
1 0 one jbO' 
---7" rDa - = - for r < 7'E (Ja) 7' 01' 01' e -
I 0 one 
---. Da - = 0 for 7' > 1'E (Jb) 
r 07' 07' 
with rE the radius of the electrodes. This eq. is simplified by assuming Da (7') = 
COllst., which has to be examined experimentally. 
For the case of the slab geometry, 7'E ~ e, we may then write 
02 jb . 0' 
-
Da r-27/. e = --
oX e 
(1 c) 
l.3ecause of its simplicity we consider first eq. Ic. We take ne(x) = 0 for x = -e 
und x = e anel furthermore a(7',x) = const., jb(1',x) = const. In this case the 
solution is: 
n(x) = ~~~ (I _ x2 ) 
2 Da e e2 (2) 
T1y choosing the boundary conditions, n(7') = 0; for 7' = 7W, where 7'w is I,he 
ri1di"s of the wall, ami 
D,,[,n/ti7'1"='-E = 0" jb . 1'E/2; i.e. the particle flux density is cOlltilluous at r = 
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/'/,:, we obtain the solution of (la) in a similar way: 
I' ~ l'E 
(3) 
. 2 
() (Y'Jb TE e (TW) nl' = n -2eDa T 
(3a) 
The theoretical distributions of n e for the two cases considered here are shown in 
Fig. 7. 
Wc are aware that eq . la will be a poor description of a cylindrical discharge 
since at least the attenuation of the beam electrons has to be considered . One 
Illay expect, however, that the shape of the radial distribution of n e may be 
approximately correct for the plane of symmetry of the negative glow. 
Regarding an estimate for the values of ne on the axis, we need to know (Y, which 
is eletermined by the average energy of the beam electrons, furthermore, jb, which 
ShOldel approach jd, the density of the discharge current, except for the ion current 
density ji at the edge of the glow and Da = f1.ikTe/e . 
ji we may derive from 
j. _ -D one 
1 - a ox (4) 
anel then obtain for jb 
. . . 
Jb = Jd - Ji (5) 
The main unknown variable is the electron temperature Te of the secondary elec-
trons, which are generated due to ionization of the gas atoms by the beam elec-
trollS. The spatialuniformity of Te (anel therefore of Da) has also to be examined 
experimentally. 
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3 Experimental studies of the negative glow In 
He and A 
Descriptions of the 
experimental ilr-
rilngemen ts for the 
study of the neg-
ative glow have 
Geen given Gy /6/ 
for the case of 
He and Gy /7/ 
for that of A as 
a filling gas. A 
schemiltic d iilgram 
is shown in Fig. 
8 with the dimen-
sions of the elec-
troele ilrrangelllent 
given by: 21'E = 
6 Clll, 2e = 10 
high voltag e 
probe 
window 
,--<:j~ ground 
p;;;p +'-____ -1J 7as in/eI 
cmj 21'w = 30 Figul'e 8: Experimental arrangement /8/ 
cm. For both gilses the purity is of critical importance, at least, for the cilthode 
materiills which have been employed by us, i.e. Mg in cOIllGination with He anel 
Ti in combination with A . These materials have been chosen partly in view of 
the suitability of their atoms and ions for laser induced fluorescence spectroscopy. 
The He-Mg combination was especially sensitive against oxygen contamination. 
This is demonstrated Gy the current/voltage characteristics of Fig. 9 which shows 
that, elepeneling on the oxygen presence, the elischarge is operated in two different 
modes (hard mode - at high degree of puri tYj soft mode - at low degree of puri ty). 
In the following we shall be dealing only with the "hare!" mode. The "purity" 
problem has been studied in a more quantitative way on the A - Ti combination. 
Some results showing the influence of the oxygen pressure are presented in Fig. 
10. The contamination by H2 is much less critical. In Fig. 11 the current-
voltage chilracteristic for the A- Ti combination is presented, which shows, that, 
for example, at apressure of 0.2 mb the voltage will rise rapidly at j ::::: 0.3 m 
A/cm 2 . 
111 the Proc. of the last workshop /7/ spatial emission profiles of He- lines are 
showl1 for a discharge with p = 2 mb, jd = 0.14 m A/cm 2 j Vd ::::: 200 V. The 
decay length is of the order 1 cm - 2 cm. The maximum encrgy of the electrons 
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would be 200 e V, which means that the cross-section for ionization would be at 
i ts maximum, O"j :::::: 4 . 10-17 cm2 , and the ionization length for an electron about 
0.5 em. Since the energy loss per ionization event is about 50 e V, the extension of 
the glow should be about 2 cm; this agrees with the measuremellts. The negative 
glow is not very pronounced. At p = 1 mb, Vd = 1500 V, one obtains in the same 
manner for the ionization length :::::: 5 cm and the length of the negative glow will 
exceecl 1 m. 
Plasma properties were mainly studied by means of Langmuir probes, which could 
be moved along the radius as weil as the axis. In case of the discharge in A a 
plane circu lar probe was used with a diameter of 1.3 mm, for the He-dischitrge 
a cylindrical probe with a diameter of 0.05 mm anel a length of the probe trip 
of 2.5 mm was employed. For our measurements the space charge sheath was in 
general collision-free. 
First investigations were performed on a glow discharge in A: ]J = 0.2mb; jd = 
0.35mA/cm2 , d = 0.5cm. Our aim was, first of all, to obtain at least approximate 
values of the electron temperature on the axis of the discharge. Probe measure-
ments showed that the electron gas consists of two groups, which can be presenteel 
by two Maxwellian distributions, characterized by the temperatures Te :::::: 0.3 eV 
(slow group) and Te!:::::: 3 eV (fast group). The density n e! of the fast group has 
vitlues about 10-2 -10-3 of n e.(:::::: 1.3· 10 II /cm3 ) which is the density of the slow 
grollp. Tes is constant itlong the axis and along the ritdius as weil for T < TE /9;' 
The spatiitl distribution of the plasma potential was also measured by means 01' 
the probe; the electric field strength derived from it is below 0.1 V / cm (Fig. 12). 
The electron density determined along the axis is shown in Fig. 13. With the 
avai lable elata it is possible to calculate the ambipolar electric field 
nTe• 1 E = ---- 'V n e 
e n e 
The axial profile obtaineel in this way agrees with that of Fig. 12. These resliits 
show that some important assumptions of the simple model described in section 
2 are correct. 
Thc ambipolar diffusion coefficient Da has been derived for a one temperature 
vclocity distribution of the electrons. In case of a two temperature velocity elis-
trihlltion one obtitins (with Ti « Te and/l i « fle) 
ilp 
mll 
(~l:-;;;-bj 
10'· 
10' 
wf' 
~. , 
no 
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figure 11: j /]12 CIS a function of the cathode voltage for a discharge in argon. /7/ 
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lI'ith 11. eJln es = J. It means that for J « 1 Da ~ D; and the ambipolar eleclrie 
Aeld is determined by the slow electrons. For our experimental eonditiolls, with 
eondueting walls at )'W = 15 em it appeared possible that some part of the 
eliseharge eurrent might go to the walls . The electr ieal eurrent flowing to the 
anoele was therefore measured and amounted to only 5 % of the diseharge eurrent . 
As a eonsequenee a quantitative eomparison with the results of the model would 
be diffieult. However, a eomparison of the respective radial ne- profiles might be 
meaningful. 
This is provideel by Fig. 14. We eonclude that for a more quantitative com-
parison we should try to reduee e and approximate the eonelitions of eq. 1e. 
Studies, whieh were directed towards a validation of eq. 2 by providing exper-
imental conditions, whieh fulfil the assumptions of the theoretieal model, were 
performeel in He /8j. For this purpose e was redueeel to 2 em, i.e. e < )·E . Tak-
ing iuto aeeount the width of the eathode fall, the length of the negative glow 
was ('ven sm aller. For this ease 70 % of the eliseharge eurrent were observed to 
now to the anode. Uneler these eonditions, prerequisites for a more quantitative 
eomparison with theory are more favourable . Aceordingly the neeessary mea-
surements of n e- and Te-profiles have been performed. For the parameter range 
studied, results regarding Te-measurements were similar to those obtained in A: 
Tes :::::: 0.06 eVj Te! ~ 2.8eV in all easeSj both temperatures are approximately 
constant along the axis. Furthermore, the measured electrie field is equal to the 
ambipolar field. 
Two cases have been studied in somewhat more detail. The main exper imental 
parameters as weil as nes on the axis ealculated by means of eq. 2, and the val ue 
of jb, derived by making use of eqs. 4 and 5 are shown in table 1 /8j. 
Table 1: 
p/mbar nes/em 3 ne! /em 3 Vd/kV jd/mAcm 2 Jb nes (Th)/ern 3 
1.0 3.8· 10 10 2.3.108 1.5 0.09 0.07 2.2.10 10 
1.3 9.5· 1010 7.0.108 0.7 0.09 0.065 1.7.1011 
For the ealculation of ne., a-values have been used, whieh were obtained from the 
grnphs for the ionization cross-seetions shown in Fig. 15 and Fig. 16. The agree-
ment of the measured anel calculated values for the electron elensity on the axis 
is surprisingly gooel. Considering that the electron losses as given by eq. le are 
exaggerated beeause eleetrons are refleeteel at the edge of the negative glow faeing 
the cathode, agreement beeomes even better. The variation of the ne-values with 
inereasing pressure is a eonsequenee of the different a - values for the two eases. 
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The measured axial distribution of n e for the ca se p = 1 mbar and, for comparison, 
1Ie (:1') accord i ng to eq . 2 are shown in Fig. 17. (U nfort unately, the scale for 
the coorelinates of the two graphs are not exactly equal). The agreement is 
satisfactory. 
4 Discussion of the results 
So far we have tried only to calculate n es by means of a theoretical model. Fur-
thermore we have taken the measured values of T es and Te! for gran ted anel used 
them for calculating the diffusion coefficient Da, which is required for the evalu-
ation of eq. 2. We shall now try to find at least a qualitative explanation for the 
magnitude of the two temperatures. Fig. 18 and Fig. 19 show the differential ion-
ization cross-sections in A and He, respectively, for electrons in the energy range 
between 100 e V anel 10 ke V. One important conclusion we can draw, is that 
the depenelence of the differential cross- section on the energy of the secondary 
electrons varies only quite weakly with the energy of the primary electrons. Tlle 
cross- section has a maximum around a few e V. This offers an explanation for the 
observeel values of Te! in A and in He. 
Consielering the fact, that the ambipolar electric field is determined by the tem-
perature of the slow electrons, one shottld expect that the fast electrons cannot 
be confined by it. This should have the consequence that a large fraction of the 
secondary electrons, i.e. those which are not transferred to the slow group, due 
to elastic collisions, will be lost by "free" diffusion. We should, therfore, use 
De = Ile ' ~ instead of Da in eq . lc. For the ratio ne.lne! follows a value ~ 750, 
which is about twice as large as the measured ratio. To explain the discrepancy, 
we have to remember, that a non negligible fraction of the primary electrons will 
join the group of slow electrons, as a result of elastic collisions. Attempts have 
been made, too, to calculate the temperature of the slow electrons. If Coulomb 
collisions can be neglected, the energy of these electrons is determined by the 
lllllnber of elastic collisions which they suffer, before they recombine at the wall. 
This number is given by the product of the diffusion time Tdi!! and (2me/mHe) Vet 
where Vel is the elastic collision frequency of the electrons. Because in equilibrium 
[/Trti!! = Ctjbl e · n e the characteristic quantity on which T es clepends shotdd there-
fore be given by 
2me e · He 
Vee' -- . --. 
InHe Ct']b 
Tlle dependence of the electron temperature on this quantity is shown in fig. 
[C). The applicability of these resnlts to our sit.uation is doubtful , becanse of the 
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gcoilldry of ol1r cxpcrimcntal arrangcment; bill. abo becil.lIse COidolllb collisiolls 
Illay bc illlporl.ant. Thc collisiolls frcqllcllcies to bc compil.rcd are 
<Llld, considcring Coulomb collisions 
'/~ ill cV, 11. 0 in cm-:J. 
For I.hc conditiolls of 0111' discha.rgc, we choose CnA = 15: 
.~ 
-I 
With 1J = 1 rnba.r, i.c. 11.9 = 2.7.10 16 cm3 : /Jc{ = 1.7.5 . 109 8- 1; 
(I.lld with 211tc/7nlfc = 1/3670, (2me/mHe)//el = 4.8.105 8- 1; 
For Te = 1~f: //< ',= 3.3· lOS 8- 1 . 
For 1~ = Tc.,: //c = '1'1000 ·3.3· 105 8- 1 = 1.04· 107 8- 1. 
This mcalls that Coulomb collisions arc not IIcgligible. 
5 Conclusions 
IJy IllCilllS or abnorlllill dc-glow dischargcs in noble gases it is possiblc to gClleratc 
(,lccl.ric rield frcc, rclatively cold plaslllas. McasurclTlcllts show I.hal. thc clccLroll 
gil-~ cOllsists of Lwo groups, which can bc dcscribcd by I;wo Maxwclliall disl.ribll-
l,iollS characLerizcd by I.wo tcmperatures: 7~/ ~ 2 - 3 eV (fast grou]» ami 1:., 
(slow grollp) with valucs which are only a fracLion of Te/. AI. ]1 ~ 1 ITIbar iLnd 
j ~ 0.1 mA/c1l1 2 I,hc dCllsity 1tc• of thc siow group is of I.hc ordcr 10"/CIll3 alld 
thc dClIsity n c/ of thc fast grollp is ollly 10-3 - 10-2 of n e •. 'fhc mcaslIrcd B-ridd 
disl,riblll.ioll il.grccs wit,h I.hc il.rnhipolil.r fiel(!. 
Thc Illc,l$urcd axial clcllsil.y distrihlll,ion of thc slow e1cctron COIllPOllcllt Citll bc 
dcscribcd by a simplc I,hcorel.ical model, which is ba.sed Oll the il.SSlllllpt.ioll of 
a Illliforrn c1ccl.ron beam, of cllergy eVd , clTlcrging frorn the cathode fall. Thc 
ohscrved valllcs of 1/.</ Me cxplaincd by t,hc frcc diffusion of I.hc secondary clcc-
trollS gcncra.tcd hy iOllizillg collisions of the bcarn e1ectrons; thcir avcrage ellcrgy 
is dosc to 7~/. If Coulolllb collisions are ncgligible, I.he l,clllpcmtllrc of thc slow 
clccl.rolls is del.crmillcd by th c nllmber of c1asl;ic collisiolls with thc gilS al.ollls 
which thc fasl. c1ecl.roll s llrfer whilc diffllsing I.owards I.hc wall. 
'1'11(' a.xia.1 exl.ellsion of thc negal.ive glow Cil.1l ea_~ily r<O:ilch 100 Cill. 
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Figurc 18: DirrcrcnLial ionization cross-sections for argon an<! for incidcnt c1cctroü 
cncrgics E = (A) 102 , (ß) 103 and (C) I 04 e 11. T is thc encrgy of thc ejcctcd e1cctron 
+ = expcrimcnt.al da1.a, thc curves corrcspon<! to dirrercnt approximat.ions./ 12/ 
IÖ~~~~WU~~~~~~--~~~ 
10 10 1 10 2 10) 
Elcclron encrgy (eV) 
Figllre 19: Dirrcrcntiitl ionizaLion cross-scction for heliulll amI for an inc idcnt. 
c1ectron cncrgy of 2000 cV /1:3/. 
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I NTRODUCTI ON 
Optical emission spectroscopy (OES) is a branch of analytical 
spectroscopy wh ich derives the required analytical information 
from the spectra of atoms or ions in the optical region of the 
electromagnetic spectrum, i.e. the ultraviolet (UV), the visible 
and the ne ar infrared (IR) regions. The atomic (or ionic) spectra 
in the optical region are emitted due to transitions that take 
place between the energy levels of free atoms or ions. 
Accordingly, aprerequisite is that the sample to be analyzed must 
be converted into free atoms be fore it can be excited or ionized. 
The device in whi c h these processes take place is called the 
exc itation source. 
It is attempted here to review briefly the excitation sources 
used for OES with emphasis on plasma excitation sources 
those which are currently in use at the Spectroscopy 
National Research Centre, Cairo and to describe some 
which they have been applied. 
EXCITATION SOURCES FOR OES 
specially 
Department, 
fields in 
In general, the excitation sources principally used in OES are: 
1. Flames 
2. Free burning dc or ac ares. 
3. High, medium and low voltage sparks 
4. Glow discharge lamps 
5. Lasers 
6. Furnaces 
7. Ex ploding wires 
8. Plasma excitation sourees : direct current plasmas 
radio frequency plasmas 
microwave plasmas 
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1. Flames: 
Flames are the oldest sources for liquid analysis. The 
temperature of the flame depends on the fuel and oxidant used as 
weIl as their ratio. Temperatures ranging from 2000k to about 
3500k ean be aehieved. This temperature is weIl suited for 
exeitation of alkali elements and a limited number of elements. 
However flames are widely used as atom eells for atomie 
absorption speetromet~y. 
2. DC and AC AI'es 
DC ares have been used for a long time ehiefly for the analysis 
of noneondueting solid materials. The sampie is pulverized, mixed 
with graphite and/or additives and introdueed in a hole in a 
graphite eleetrode whieh may serve as anode or eathode (anode 
exeitation or eathode exeitation). The sampie evaporates thermally 
when the eleetrode wall is eonsumed so that the sampie is exposed 
to the high temperature plasma (5000 -60 00K). AC ares were used for 
metal analysis. Although plasma source, for instanee, the ICP have 
replaeed the DC are for many purposes, the latter are still in use 
as a souree for general survey analysis speeially qualitative and 
semi-quantitative analysis of solid sampies. WeIl known methods 
for general survey analysis are found in the literature. 
Limitations of the are teehnique are: lack of stability and henee 
lack of preeision, seleetive volatilization and emission of band 
speetra. Use of inert atmosphere and applieation of external 
magnetie fields to improve stability have been tried. Various 
methods using ares have been proposed for the analysis of liquids 
but also suffered limitations. 
3. Sparks 
Various types of sparks are used primarily for the analysis of 
metal and alloys. Computer controlied, multiehannel spark souree 
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spe c trometers are widely used in metal industry 
control. Solution methods using spark excitation 
developed for example the porous cup and the 
techniques. 
4. Glow discharge lamps 
in production 
have been also 
r otating disk 
The most widely used type of glow discharge devices ia that 
after Grimm It is op~rated at reduced pressure and is used for 
the direct analysis of s olids. The sampie to be analyzed is used 
as the cathode. In case of metals the sampie is shaped as a disk, 
while in case of nonc onducting materials, the sampie is pulverized 
and mixed with Cu or Ag, then pressed in form of a pellet 
Hollow cathode discharges are also used as excitation sources. 
The sampie can be used as the cathode itself or in form of a disk 
or pellet. 
5. Lasers 
Lasers radiation is used as a thermal source of heat for 
v'aporlz1'ng and exci'ting sampies for local and microanalysis. The 
analysis of a small spot of a surface may yield valuable 
information. The method can be applied for both conducting and 
nonconducting materials. There are various possibilities for 
emission spectroscopic measurements with laser atomizers: 
-Measurements can be carried out in the plume formed by the laser 
impact. However for most purposes this primary radiations are not 
used 
- In most cases the laser is used for sampie ablation and the 
vaporized ma terial is excited by a cross spark or hf discharge or 
transferred into a plasma source. 
6. Fur'naces 
The graphite furnaces which are used as atomizers for atomic 
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absorption spectrometry are also used in atomic emission 
spectrometry for the analysis of small volume liquid sampies. 
These furnaces are mostly used for the vapori]ation of the sampie 
and the vapor is transferred to a plasma source. 
7. Exploding IHres 
The exploding wire technique uses the rapid Joule heating and 
the vaporizationof a wire or a thin metal foil which may occur 
when a capacitor charged to several thousand volts is discharged 
across the wire or foil. 
8 Plasma sources 
By the mid 1950's there was a common perception that some new 
excitation sources were needed to overcome the limitations of 
combustion flames and conventional arc and spark dischar~~s 
sources for trace element determination in liquid sampies. Efforts 
were directed to electrically generated plasmas. A great variety 
of devices were developed and investigated for this purpose. In 
order to attain high power of detection, high precision and 
accuracy, the plasma source should possess the following main 
properties; 
1. The plasma temperature should be at least 5000K to ensure a 
nearly complete atomization of the sampie. 
2. The plasma should allow efficient introduction of the sampie 
aerosol into it. 
3. The plasma should be of high stability with minimum 
interference of the sampie with the plasma conditions. 
The plasma sources developed may be classified into three main 
classes, namely direct current plasmas, microwave plasmas and 
radio frequency inductively coupled plasmas. 
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Dir"ect Cur-r"ent Plasmas 
These are are diseharges in whieh the gas is heated by a direet 
eurrent between two eleetrodes. Plasma are deviees are elassified 
into two elasses; 
1. Deviees in whieh observation is earried out in the 
eurrent - earrying portion of the plasma. This eontain mainly 
stabilized ares, one of whieh is the wall - stabilized are whieh 
will be deseribed in details later on. 
2 . Deviee s in whieh observation is earried out in the 
eurrent-free portion of the plasma. This elass eontains the 
different forms of pl a sma jet deviees. 
In general, deviees of this type suffered from two main 
disadvantages, namely the instability due to the erratie motion of 
the eathode spot and the ineffieient introduetion of aerosol into 
the plasma. Attempts to improve the stability of the jet led to 
various eonfigurations, the most important of whieh is that of the 
three electrode DCP whieh is produeed eommereially. In prineiple, 
this deviee eonsists of two ares with a common eathode (Fig.1). 
The two anodes are made of graphite, while the eathode is made of 
thoriated tungsten. The two ares are established at about 7 
amperes eaeh in flowing argon and eombine to form an inverted 
Y- shaped plasma. The aerosol of the sample to be analyzed is 
direeted upwards beneath the inverted Y-shaped plasma. A portion 
of the aerosol is dried, volatilized and excited. Investigations 
showed that the analytieally useful region of this plasma is very 
small and lies below the strongly radiating plasma. 
Micl' owave Plasmas 
Both eapaeitively eoupled and induetively eoupled mierowave 
plasmas are known as excitation sources for OES. 
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Capacitively Coupled Microwave Plasma (CMP): 
In the CHP a magnetron (Fig 2) generates microwaves which are 
led by coaxial waveguides to a hollow coaxial electrode. The 
electrode is provided at its upper end by orifices and a tip. It 
forms a capacitance against the earth. When agas or aerosol flows 
through the electrode and is made conductive by means 01' Tesla 
sparks, microwave power is transferred to the gas. A flame - like 
plasma is produced on the top of the electrode. In fact CMPs have 
not met widespread interest, because their analytical performance 
cannot compete with that of the rf inductively coupled plasma. 
MJ ,crowave Induced Pla.sma (MIP): 
MIP is an electrodless discharge is a glass or quartz tube of 
few millimeters inner diameter. The tube is placed in aresonant 
cavity which allows standing microwaves to be established within 
it. The tube is usually placed along an axis which is parallel to 
the line of the electric field oscillations. Microwave energy is 
sent into the cavity by me a ns of a circuit loop or an antenna and 
is coupled to the gas streaming in the capillary ~g(31 . 
MIPs are usually operated at a frequency of 2.45 GHz and low 
powers (about 200W). These low power plasmas are successfully 
applied in cases where small volume liquid samples are thermally 
evapora ted and fed into the discharge. However, MIPS operating at 
high powers can sustain nebulized aerosols. The relatively low 
cost of MIPs, the economy of the gas consumption, their 
multielement capability and the covering of a wide range of 
elements including nonmetals make them very useful excitation 
SQurces in applications where overloading of the plasma with a 
sample is not likely to occur. 
In the following the plasma sources currently in use at the 
Spectroscopy Department, National Research Centre, Cairo, namely 
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the wall stabilized plasma are and the induetively eoupled plasma 
will be deseribed in some detail. 
The Wall - St abi 11 zed Al' (: (WSAJ 
The wall -stabilized are is known to be one of the most useful 
deviees for gene rating plasmas in the study of the thermal and 
radiative properties of hot gases. The eonstrietion of the plasma 
by the thermal pineh er"feet eauses an inerease in its temperature. 
The stability of this plasma attraeted some investigators to 
use it as an exeitation souree for speetroehemieal analysis of 
solutions. However, no effieient aerosol introduetion into this 
plasma eould be aehieved. The aerosol partieles are probably 
refleeted at the hot boundaries of the are eolumn. This limitation 
was overeome by modifying the are eolumn through the addition of 
of an easily ionizable element (EIE) to the nebulized solution. 
At the Speetroseopy Department, NRC, a wall - stabilized are 
seeded with potassium has been eonstrueted. Fig.4 shows a 
sehematie longitudinal seetion of the deviee. A eonstrieted argon 
are is struck between a pointed tungsten rod eathode and a 
tungsten ring shaped anode. The two eleetrodes are water - eooled to 
prevent the evaporation of their material. The are burns in a 
ehannel of 5mm diameter, formed by eentral holes in water- eooled 
brass segments eaeh 5mm thiek.The middle part of the are forms the 
analytieal ehamber. It has an inner diameter of 25mm and is 
provided with two side arms eaeh ending with a quartz window for 
observation. The analytieal ehamber is provided at its lower part 
wi th a ehannel whieh permi ts the tangential introduetion. of the 
sampie aerosol. The latter is generated using a pneumatie 
nebulizer. All segments of the are are isolated from eaeh other by 
teflon spaeers of lmm thiekness. 
The are, so produeed, is eonstrieted by the thermal pineh 
effeet and the constrieted are eolumn is observed to eontinue in 
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the analytieal ehamber. However, when the nebulized solution 
eontains an appreeiable eoneentration of an EIE, the eonstrieted 
intense argon are is ehanged into a mueh wider flame - like 
diseharge ealled the low temperature are (LTA) whieh faeilitates 
the entry of the aerosol partieles into the plasma. The 
aehievement of this state is aprerequisite for the analytieal 
applieation of the are. At this state, the are emits a background 
eontinuum mueh lower thgo that emilted by the argon are and 00 
molecular bands are observed exeept the OH-band at 306.4nm. 
Speetroseopie Diagnostie of the Are Plasma 
Speetroseopie diagnostie teehniques were applied for the 
determination of temperatures and eleetron density prevailing in 
the plasma of the are, under the eonditions used for the 
analytieal applieation. Atom exeitation temperature was determined 
from the Boltzmann plot using a group of FeI speetral lines in the 
waveleogth region 372.0- 376.4nm, while a group of TiII lines in 
the wavelength region 321.7 - 324.2nm were used for the 
determination of ion exeitation temperature. Eleetron density was 
determined from the half width of H~ line. Intensity ratios of 
f ' 
atom/ion lioe pairs of Ca, Ba, Sr and Ti were used for the 
determination of the ionisation temperature using Saha Boltzmann 
equation after substituting with the measured values of exeitation 
temperature and eleetron density. The values obtained for a 20A 
are are as follows: 
Atom exeitation temperature= 4616: 201 K 
Ion exeitation temperature 4730 + -232 K 
Eleetron density 4.89 10 20 - 3 x m 
Ionisation Temperature 5364 K 
The results show that the plasma of this souree is not eompletely 
in astate of LTE, nevertheless, it is elose to it. 
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So me An81ytic81 Applic8tions of the fV811-St8bilized Arc: 
The WSA has proved to be a suitable exeitation souree for the 
determination of traee and minor coneentrations of elements in a 
variety of sampies. Sensitive analysis lines were determined whieh 
gave linear analytieal ealibration eurves over wide range of 
eonentrations. Limits of deteetion obtained were satisfaetory. The 
souree enabled the development of analytieal teehniques for the 
the analysis of differetlt sampies, for example the determination 
of impurity elements in a uranium yellow eake sampie, traee 
elements in alumina, traee elements in 
elements in loeal phosphate sampies. The 
source is the use of relatively high 
crude oil, rare earth 
only drawback of this 
amounts of KCI in the 
nebulized solution which neeessitates the eleaning 
analytical chamber from time to time. 
The I nduc: t1 vely Coupled Plasma CICP) 
of the 
This is a stable inductively heated plasma operated at 
atmospheric pressure in gases flowing through an open ended tube. 
This type of plasma operates at radio frequencies (10-100 MHz) at 
the open end of a system of three concentric quartz tubes called 
the "torch" which is placed in a water cooled high frequency coil. 
Fig.c5;shows a schematie diagram of an ICP toreh. The gases in the 
outer and intermediate tube are introduced tangentially, so that 
in the tube they follow a particular rotationally symmetrie 
pattern. The aerosol of the sampie to be analyzed (carrier gas)is 
introdueed in the inner tube (injeetor) whose upper part has an 
inner diameter of few millimeters. Argon is usually used for the 
three gases, however nitrogen and even air ean be used as an outer 
gas in high power ICPs. 
When flowing gases are introdueed into the torch, rf field is 
put on and the gas in the coil region is made eonductive by 
sparks, the plasma is formed, provided that the magnetic 
Tesla 
field 
- 236 -
strength is high enough. The oscillating magnetic fields with 
their lines of force axially oriented inside the coil generate 
high frequency electric currents in the plasma. The outer tube of 
the torch with the outer (cooling) gas flowing through it prevent 
the plasma from extending to the coil which would lead to short 
circuiting. 
The most important characteristic of the ICP is that it offers 
a plasma whose axial zorres are relatively cooler than the outer 
zones. This is related to the torroidal configuration of the 
discharge which is due to the skin effect of the rf current and to 
aerodynamic features. Accordingly, a stream of gas 
with relatively small cross section can bore a 
(carrier gas) 
hole into the 
plasma without disturbing its stability. Thus the major problem of 
introducing aerosol effectively into a high temperature plasma is 
overcome. The aerosol injected at lhe botlom of the plasma is 
carried through a tunnel to the plasma zones located above the 
coil. Under usual conditions, the temperature of the tunnel is 
between 4000 and 5000K and the transient time of the aerosol 
particles is of order of few milliseconds. 
enough for the sampie to be volatilized and 
during its passage through the coil region. 
This condition is 
partially 
Whether 
atomization occurs depends on the power input as weIl 
flow rates and velocity of the carrier gas. 
as 
ionized 
complete 
on the 
The plasma of the ICP consists of an intense luminous core and 
a flame-like tail. The core fills the coil region and emits an 
intense continuum and the spectrum of neutral argon and hydrogen 
and various band spectra. above the coil the co re becomes conical 
and fades into a still bright but slightly transparent zone. In 
argon ICPs, the transition region between the core and the second 
zone is the best region for analysis. It lies about 10-20mm above 
the coil. for most of lhe elements the most sensitive lines 
emitted from this region are those of singly ionized atoms. They 
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yield low limits of detection and linear calibration curves over 
for to even six orders of magnitude. The the analytical range 
extends from traces to major constituents. 
A variety of sampie introduction techniques have been developed 
to adapt the ICP. Pneumatic nebulizers, electrothermal 
vaporization for small volume sampies, spark ablation for solids 
and direct insertion of a small graphite cup loaded with asolid 
sampie are all technique"s sui table for the ICP. 
Diagnostic Investigations of the ICP 
A great deal of research work has been carried out in various 
laboratories for the diagnostic investigation of this type of 
plasma. Most of the work has been carried spectroscopically. 
Investigations suggested the existence of two more or less 
distinct vertical regions in the channel of the argon ICP. These 
are: 
1. a thermal region located at a relatively short distance from 
the load coil I~here "soft" lines have their emission maxima and 
show a behavior that can be described in terns of norm lemperature 
using LTE considerations 
2. a non-thermal region located higher up in the plasma, where all 
"hard" lines peak at virtually the same vertical positions and the 
LTE concept of norm temperature loses most of its significance. 
Some Applieations of ICP 
At the Spectroscopy Department, NRC, ICP AES techniques have 
been developed for analytical problems related to local industry, 
which could not be solved using other methods such as DC are, 
spark or atomic absorption spectroscopy. 
problems are: 
Examples of 
1. the analysis of alloys for major constituents. 
these 
2. th~ determination impurity elements in the part per billion 
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level a' brine solutions for chlorine industry. 
3. the determination of rare earth elements in 
which proved the presence of about 2 mg/g of 
very important elements in the Abu Tartur 
Desert, Egypt. 
loeal phosphates 
these economically 
deposits, 
4. the determination of rare earth elements in sampies 
sand deposits collected from different locations 
Mediterranean coast of·~gypt . 
Western 
of black 
on the 
Fig Cl) 
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ION SOURCES IN RESEARCH AND APPLICATIONS 
I . INTRODUCTION 
Mohamed E. Abdeiaziz 
ATOMIC ENERGY AUTHORITY 
CAIRO - EGYPT 
An ion souree is the starting point in any system utilizing 
a beam of aeeeierated eharged partieles. Its properties 
speeified by beam eurrent, energy, degree of foeusing and 
effieieney will depend on the type of the souree used as 
weIl as the aecuraey and optimization of its design. The 
selection of a given type of ion souree will usually depend 
on the specifie application of the eorresponding aeeeierated 
beam. Aceelerated ion beams are widely used in various 
appli e ations depending on the type of ions used (protons, 
heavy ions, singly or multiply eharged). 
Tremendous de v elopments have been aehieved recentlyC11 in 
the techn ology of ion sources for seientific, industrial and 
man y fields of applications. 
Ion eoureee of different types have been utilized including 
the well-known t y pes like the radio frequency (r.f.), the 
duoplasmatron, the pening and the electrostatie ion sources, 
a s \>J<': ll as the r e cently dev eloped sourcss which sometimes 
impl y sophisticated devices like the electron cyclotron 
reson c,nce (ECR) ion sourees, the electron be am ion sources 
(EBI S ) and the leaser plasma ion sourees. There are versions 
derived from these types and are considered of great 
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signifieanee like the negative 
vepour are (MEVA) ion sourees. 
ion sources and metal vaeuum 
Applieations of all these types cover a very wide range 
starting from the basic use as a starting point for a 
partiele aeeeierator of any energy from few kev to thousands 
of Bev-supplying the beam of charged partieles to the 
aeeeierator, and ending with their use in material seienee 
in many ways of its teehnologies, espeeially in the field of 
mieroeleetronics. 
For eaeh field of applieation there are eertain requirements 
for the ion beam extraeted from the ion souree whieh dietate 
design eonsiderations and eonditions for an ion souree to be 
used for a given applieation. 
The ion souree program in Atomie Energy 
Authority is based on a long 
the Egyptian 
experience of several years 
research and development on the radio frequency ion source, 
espeeially the radial-extraetion type, the duoplasmatron, 
the pening and the electrostatic ion souree. New vers ions of 
these sourees have been developed in Dur laboratories and 
the basic fundamentals and physies of these sources have 
been studied. 
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11. CLASSIFICATION OF ION SOURCES 
An ion souree would determine the very eharaeteristics 01 
aceelerated beams . During its subsequent- stages from the 
point it originates from the souree, undergoes focusing and 
aeeeieration proeesses, and ultimately as it emerges out 
with its final energy the be am will maintain its basic 
properties. 
Ion sourees eould be elassitied into different eategories 
depending on: 
the amount of beam current it produces; thus we 
low or a high current ion source, 
have a 
the charge of beam partieles, whether positive or 
negative, singly charged or multiply charged 
even a neutral beam. 
a nd above all, the method by which ion 
produeed in an ion soures. 
ions~ O~ 
beams are 
An ion source is usually characterized by two fundamental 
f unctions: 
a- t he creation of an inten se plasma with relatively high 
electron and ion densities, and, 
b- the extraetion from the plasma and proper focusing of 
the ion beam into an exit canal so that the maximum 
possible eurrent ean be obtain ed at a minimum of 
a bso rbed power an d eonsumed gas i n the souree . 
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The first function of plasma creation is mainly what makes 
the difference between one type of the souree and the other . 
Beam extraction, however, could be an exit canal, a single 
or multiple aperture. We shall refer briefly to the 
different types of ion sources. In this respect, perhaps we 
may classify ion soure es into two categories. The first 
grou p includes sources which are featured by higher beam 
current, focused to very fine spot or it could be a broad 
beam. Most sources of this category are used in industrial 
and other applications. 
The second group includes ion sources mainly used for 
acceleration systems used for scientific as weIl as 
practical applications. 
GROUP A : 
A.l The Electron Cyclotron Resonance ( ECR) Ion Source 
The development of electrodeless ion sources has been a 
recent interest for many research groups(1-3'. 
These ion sources, which employ either r.f. or microwave 
energy to produce a highly ionized gas, have made use of 
many approaches to couple electric energy into an ion soures 
discharge zone. The coupling approaches include inductive, 
capacitive, waveguide, cavity, and electron cyclotron 
resonant lEeR) technologie53 • Each of these approaches has 
demonstrated the ability to successfully extract an ion beam 
from many different gases for a variety of be am 
applications . 
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ECR- heated plasma produced by microwave discharges in 
ma gnetic fields are now routinely utilized for production of 
intense singly and multiply c harged ion beams'4l. 
S uch IECR) ion sourees can be opera ted during extend ed 
lifetimes even with reactive working gases. At the present 
about 70 ECR sources are used worldwide. In the following 
some examples of these sources will be given. 
Two types of ECRISs. are s hown in Fig . 1 for a source with 
eleetromagnet, and in Fig. 2 for a source with a permanent 
magnet. The power consumption of the source is low if the 
magmatic field, required for ECR, is exclusively built with 
permanent magnets '~l. With a microwave frequency of 2.45 
GH z , light and cheap ECR ion sources can be conceived'6l and 
used in various applications. With particle energy above 7 
MeV, numerous applications of proton or heavy ion induced X-
ray emission exist for analysis of materials such as 
biomedical microelectronics, alloy, geologieal, 
archeo logical and aerosol sampies. 
It i5 to be mentioned that some ECR sources are designed for 
high cha rge state. In ons of these types'1l, metal ions have 
been produced in pulses with The 
Germans are developing a souree with a frequency 14.4 GHz 
using supercondueting magnet which will be eapab le of 
produeing heavy ions with Z up to 80 for atomie phys ics and 
material seienes research featured by modul ar structure. 
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be nated that mechanism of processes occurring in 
ECRISs is not weIl understood. 
A.2. Elect~on Beam Ion Sources (EBIS) 
The EBIS is an intense pulsed souree of bare nuelei of light 
elements (C, N, 0, Ne) , L\ ti I i z ing the injection of an 
electron beam into the plasma which improves its properties. 
Due to its natural extraction time of 50 us it is perfectly 
suited for the injection into a synchrotron for- "heavy ion" 
therapy. 
Such application is proposed by Saclay and Soviet 
scientists. 
intensity of lOs ions per pulse in 1 Sec can 
easily be exceeded by a factor of 10 to campensate for beam 
lasses. The technology is weIl established and has proven 
very reliable for synchrotr-on inj ection at Dubna and 
Saclay,sl. the electron beam in this source is 165 mA at ~ 
keV. 
Another EBIS source'1l is the DIDNE of Saclay whose electron 
current is 500 mA at energy 8.5 to 10 keV and magnetic field 
5000 gauss over a plasma region of 1 meter. It yields Kr-Z7 
beam for a confinement time of 7- m.s. 
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I n La wrence Radiation Lab. in the U.S. a modification was 
made to this type by introducing the ion trap in the so 
called Electron Beam Ion Trap (EBIT) ion soures. It is 
featured by produeing higher charge states and ean maintain 
a given charge s tate much longer than was possible in an 
EBIS. With the use of X-rays spectroscopy, EBIT has been 
extended by adding an efficient ion extraction system that 
allows for the transport of the high-charge-state ions to an 
external target and detector system. 
The electron current in EBIT is 5 to 200 mA at 50 to 250 
KeV, ion density amounts to several kilamperes/cm 2 • Uranium 
ions are to be produced with very high vacuum requirements. 
Ion most EBISs atomic physics research is conducted, some of 
them are used for nuclear physics. High resolution and 
stability are basic requirements. Gas cooling of ions is 
needed for higher charge state (e.g. krypton ions cooled by 
He gas) 
A.3 Laser Plasma Ion Sources 
Laser beam interaction with plasma increases plasma density 
of ionization and lead s to a higher ion source efficiency. 
Lase r ion soure es ar e u sed for production of neg ative ions, 
multiply charged ion s and /or heavy ions. As an e x ample of 
this type a Nd-VAG laser has been used to study the 
formation of negati ve ions by laser impact and the 
interaction of the laser with the negative ion beam. 
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Some lase~ plas ma sou~ c es us e d fo~ ion implantation in 
mic~oelect~onic5 indust~y utili~e ion beams focused to les s 
th a n O . Olum. 
A . 4 Negative Ion Sources (Fig. 3) 
Negative ion sourees are widely used for mate~ial seienee, 
i.e . ion implantation and ion beam deposition. There are big 
differenees between negative and positive ion implantation 
in beam transport (eollisional erosseetions with ~esidual 
gas particles) and secondary electron emission factors. 
However, there is little differenee in projeeted ranges of 
implanted ions. 
Another important applieation of -Ve ion beams is to convert 
them to neutral beams fo~ heating of a fusion plasma . In the 
Inte~national The~monuelea~ Experimental Reaetor (ITER, 
MeV negative deuteron soure es of the penning type is used 
with laser indueed plasma to injeet a neutral beam for 
plasma heating. The diffieulty with high powe~ sourees is 
th e lowering of the stripping eross-seetion. this is 
overcome by seeding the plasma with a catalyst material of 
low ionization efficieney like cesium. Soure e s using 
admi x tures a s catalysis a~e known as su~faee plasma sources 
(SPS) becBuse of the st~ong inte~action between eleetrode 
surface and plasma gas diseharge. 
r f COI L 
SPUTTERI NG 
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WAl ER 
COOLI NG 
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Fig. 3 Schematic Diagram of r . f. Plasma-Sputter 
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Table I Performance of rf plasma-suptter Iype heavy negalive-ion souree 
CONSTRUCTIVE DIMENSIONS 
Sputtering Targe!: 
rf Coil: 
Plasma Region: 
Emission Aperture: 
Elcctron Remover: 
Source :Chamber: 
42 I1]nl in dium., spherical surfuce, wuter couling 
50 mm in diarn., 3 lurns, compressed air cooling 
50 mm in diam. x 70 Olm in lenglh 
10 mm in diam. 
480 Gauss al peak by Co- Sm permanenl magnelS 
180 mm in di.m. x 240 mm in lenglh 
TYPICAL OPERATING CONDITIONS 
Discharge Gas Pressure:1 - 4x10'" Torr of xenon gas 
Input rf Power: 300 W of 13.56 MHz rr power 
Sputter Voltnge: 600 V 
Target .Current : 300 mA 
Cesium Oven Temp.: 200 - 250°C 
Ion ExtracIion Vollage: 15 - 20 kV 
MAXIMUM EXTRACTED NEGATIVE-ION CURRENTS 
B- : 0.03 mA, B,-: 1.0 mA (uIB, largel) 
C- : 1.6 mA, C;-: 2.1 mA (high purily gra phile largel) 
Si- : 3.8 mA, Si2- : 0.27 01/ ' (polyerySlalline si licon I"'gel) 
Cu- : 12.1 mA, Cu2-: 0.15 mA (uxvgen free cupper largel) 
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A.5 Metal Ion Sources 
So me industrial applications require metal ion beams. A 
liquid metal ion souree (LMIS) can give a point souree with 
high brightness which enables the formation of a submicron 
ion beam for microelectronics. Since the LmIS is 
eharaeterized by a simple structure and low power 
consumption, it can be applied to the other fields such as 
an ion thruster(10) and aeeeierators. 
The impregnated eleetrode-type LMIS has a porous tip made of 
a refraetory metal. Typically the porous tip is formed by 
centering a mixture of tungsten powders with diameters of 10 
and 100 um, Fig. 4. The ion souree 
reservoir for liquid metal which is 
tungsten(11). 
111. APPLICATIONS OF ION SOURCES 
111.1 SCIENTIFIC APPLICATIONS 
has a cylindrical 
typically made of 
It is impossible to just mention different types of ion 
sources used in scientific applications in particle 
accelerators for nuelear and atomic physics research. We 
will refer to same types of ion sources of special design in 
the following 
intense (high charge ion sources : these are developed 
also in various types. One example is the ECRIS of 
multiply charged ions. Like in many laboratories around 
the world in Grenoble, the ECRIS's have been 
sourc.e A 
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SN cap wilh 
sourc.e B 
Fig. 4 
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111.2 
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developed for almost 20 years, both for atomic, nuelear 
snd high energ y physics - new advsnces and results have 
been obtained with gaseous and metallic elements in 
D.C. and in pulsed mode of operation. This so called 
afterglow mode provides much more intense currents of 
interest for synchrotrons. 
The superconducting ECRIS whieh is developed by the 
French and Italians in grenable is devoted to the 
production of high charge state haevy ions to be 
injected into the K-BOO superconducting eyclotron. The 
source uses very high magnetic fields (1.4 tesla on 
the plasma chamber wall), and a frequency of 14.5 GHZ. 
Another type of high charge state ion sources is the 
eleetron beam ion souree (EBrS) which produces ions up 
to Ar 1B + and Xe49 + as weIl as 50 uS pulses of He 2 + , 
N7+ and Ar 13+ which have baen injected into the RFQ 
linear accelerator injector of storage ring at the 
Instituls of Physics in Stockholm, Sweden. 
In the same lab. ions of charge up 
been used in atomic physics experiments. 
Many other sources of ECRIS, EBIS, EBIT, MEVVA, and 
other types are used in scientific applications. 
Heavy Ion Sources As Space Thrusters 
Ion sources of different types are used as ion 
thrusters which are very weIl suited for orbit control 
of geosynchronous satellites, and as primary propulsion 
for interplanetary scientifie probes 
111.3 
The 
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In this respect radio trequency ion sources have been 
used s ince 30 years for 5pace propul5ion. A 10- cm 
diameter thruster presently undergoes a successful 
space test on board a retrievable planform in the 
institute of physics at Giessen, Germany. 
A more powerful engine is the 15 cm diam. Thruster 
tested at laboratory level as weil as the 35 cm diam 
primary propulsion engine which is planned to be used 
for interplanetary probes. 
In the Institute of Applied Mechanics and 
Electrodynamics of Moscow Aviation Institute at Russia 
electric propulsion systems are developed, flight tests 
and operation of rocket propellers ungergo intensive 
work much attention is paid to the tests of 
stationary plasma thruster 
electrothermal engines (ETE) 
several times. 
ION IMPLANTATION 
(SPT) and to 
which were used in 
interaction of charged particles with solids 
the 
the 
space 
has 
attracted the attention of scientists during the past few 
decades. Interest in the problem has increased appreciably 
since the 19605 when ion implantation proved to be 
tool for making microelectronic components . 
a useful 
Ion implantation i5 the introduction of atoms into the 
surface l ayer of solid substrate by bombardment of the solid 
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with ions in the KeV energy range. The solid-state Bspects 
are particularly broad because of the range of physical 
properties that are sensitive to the presence of a trace 
amount of foreign atoms. Mechanical, electrical, optical; 
magnetic, and superconducting properties are all affected 
and indeed may even be dominated by the presence of such 
foreign atoms. 
possibility of 
Use of implantation techniques affords the 
introducing a wide range of atomic species, 
thus making it possible to obtain impurity concentrations 
and distributions of particular interest; in many 
cases,these distributions would not be otherwise attainable. 
Recent interest(1) in ion implantation has focused on the 
study of dopant behavior in implanted semiconductors and has 
been stimnulated by the possibilities of 
device structures in this way. 
fabricating novel 
The application of semiconductors in electronic circuity has 
been based upon control of the thermal diffusion of dopant 
elements into semiconducting crystals, normally silicon. 
These dopants occupy silicon lattice sites and determine the 
electrical properties of the device. Their concentration is 
determined by the equilibrium solubility at the process 
temperature (900-1100 a C), and the distribution in depth is 
given by the diffusion constant and process time 
Ion implantation provides an alternative method of 
introducing dopant atoms into the lattice. In this case a 
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dopant ions accelerated through a potential 
lO ·- 1.00~::\j is allol"Jed to impinge on the 
semiconductor surface. the implantation system shown in Fig. 
5 illustrates the basic elements required in this technique. 
Using di·fferent types of aViü.lable ion sourees, a wide 
variety of beams may be produced with sufficient intensity 
for implantation purposes : 1014 - 1.01~ ions/cm 2 (less than 
"monolayer") is a representative ion dose. Note that a 
ma ss;-·-se para t.ing magnet is almost mandatory to el imin~'.te 
unl"Janted species that often dominate the e)·:tracted bearn. 
Beyond this, however, the basic instrumentation can be quite 
s.imple. 
It is weIl known that the ion implantation process is an 
efficient doping technique and there is no fundamen tC'.1 
preclude its use in the fabrication of discrete 
devices and integrated circuits, These devices which have 
been in some 1 o;1boratories( 1.) usi.ng ion 
implantation fall into two categories: those which use ion 
implantation as apreeise source of impurity atoms which are 
then diffused into the silicon crystal, and those which rely 
on the depth distribution as weIl as charge control of ion 
implantation. In both categories, the devi.ces fabricated b y 
ion irnplClntation have characteristics that are extremely 
uniform ovar the area of the slice and from slice to slice 
i.e. these devices exhibit the expected advantages inherent 
in the technique. 
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Examples of fabricated devices are, low area high value 
resistors schottky barriers, junction diodes, hyperabrupt 
diodes characterized bv a rapid decrease in capacitance with 
increasing voltage, double-drift TMPTT diodes and field 
effect transistors. 
An important aspect of the application of implantation to 
semiconductor technology, in contrast to diffusion 
precesses, is that the number of implanted ions is 
controlled by the external system, rather than by physical 
properties of the substrate. for example, dopants can be 
implanted at temperatures at which normal diffusion is 
completely negligible. Also the dopant concentration is not 
limited by ordinary solubility considerations, and so a much 
wider variety of dopant elements may be used. Thus, one 
potential application of ion implantation is that it might 
allow the investigation of the properties of species which 
cannot be introduced into semiconductors by conventional 
means. 
In this respect ion beam technique can be separated 
into three distinct areas. The first is the direct use of 
implantation to make surface devices. The second is te use 
the flexibility in the choice of ion and substrate to 
explore er develop a range of new materials. The third role 
is a diagnostic one in which one can control the impurity 
content of a sampie or study the nature of atomic sites. 
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This 15 possible by the direct reflection of ions, as in 
Rutherford backscattering, or by the injection of labelied 
ions which can reveal the structure around an atomic site by 
nuclear or electron resonance spectroscopy. All three facets 
of implantation are worth further study and we are planning 
to start investigations in these areas in our laboratory. 
111.4 ION BEAM SPUTTERING 
Ion beam sputtering is utilized equally weIl in all 
materials, even if they are hard or brittle. 
There are important applications of ion beams as a tool for 
polishing or machining in various fields where sputtering 
techniques are being developed for commercial purposes. Ion 
be am machining has the advantages of being: 
i) a chemically clean process; 
iil insensitive to the chemistry of the target atoms; 
iiil a machining tool which does not wear or deform; 
ivl accurately controllable in both depth and spatial 
position to tolerances of 10 to 50 nm; 
vI the sputtering may also be made without the 
intrcduction 01 strain in the work 5urface. 
111.5 SAMPLE PREPARATION FOR ELECTRON MICROSCOPY: 
Ion beam thinning i5 weil 5uited to the preparation of 
sampies for electron microscopy or surface analysis. the 
usual advantages are: 
i) large specimen areas can be prepared; 
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ii) fr-om chemical contamination 
ch(?mic:al attack 
iii) the technique 15 viable for- essentially all mater-ia15; 
the spt'?c:i.men thickness may be in the 
micr-oscope whilst maintaining the sampie at a chosen 
temper-atur-e; 
v) The sur-fac:e is not mechanically smear-ed over- cr-acks or-
other- fe,,, tLwes. 
111.6 ION SOURCES IN PLASMA AND FUSION RESEARCH 
It i5 inter-esting in the fir-st place to notice that the ion 
s.our-ce it5elf is a plasma, low temper-atur-e plasma. I f , 
howevet-, we think of the ways in which ion sour-ces ar-e used 
in a fusion system, we find var-ious for-m5 of such uses. The 
least to mention is about be am injector-s, whether- it is in 
mir-r-or- machines to cr-eate the fusion plasma or- in magnetic 
fusion systems , a tokamak for- example, to heat the plasma 
with an ener-getic neutr-al beam. In both cases the ion sour-ce 
is the star-ting point, and its char-acter-istics will 
definitely c:har-acter-ize the pr-operties of injected beam. 
An e>:i1mple fot- thi5 is the development and utilization of 
high power negative ion sour-ces in the injector-5 of JT-60U 
tokamak in Japdn. Based on the development of convergent 
0.2A with a pulse dur-ation of negative ion beam of 340 KeV, 
0.5 S, construc:tion ha5 5tar-ted for- a 500 KeV, 22A deuterium 
negative ion sour-ce for the neutral beam injection system to 
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conduct a plasma cur~ent drive experiment at JT-60U 
Tokamak. Another development which is considered 
br · e a kth~ough in reali z ing a high energy neut~al beam 
injecto~ i5 the additional const~uction of a 1 MeV, 1A 
cock~ost-walton test facility. 
In pa~ticle beam ine~tial confinement (I.C.) diffe~ent types 
of accele~ators are used. Fo~ example there a~e 
beam I. C. and heavy cu~~ent ion beam I. C. in 
light ion 
all cases 
accelerators are used, usually high energy accele~ators with 
injecto~s utilizing ion sou~ces of various types. These ion 
sources a~e usuall y of special design to satisfy fusion 
requi~ements. Mostly high powe~ ion sou~ces a~e used. Pulsed 
particle beams can delive~ highe~ total ene~gy fo~ dolla~ 
cost of the equipment. 
A p~oto type ~esearch facility fo~ ion-beam fusion at 
A~gonne National Labo~ato~y is shown in Fig. 6. A storage 
ring is ussd for high ene~gy ions which can be filled to its 
space charge limit Megajoules can be achieved in 
nanosecond pulses). (HI)· ions are accelerated to 8 GeV/ION, 
which is sufficient for b~eackeven (n = 1014 cm-- 3 SI A D-
T pellet OF 1 mm diam would undergo substantial burn when 
bombarded with the stored be am energy. The system has been 
used to demonstrate scientific breakeven. 
(HI) • 
100 
Mev 
Ion Source 
lmA (HI)' 
Linac 
100 Mev 
1 rrrn 01 pellet 
Bearn Focusing 
'~agne ti c 1 ens 
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There are other important applications for ion sources in 
fusion systems. 
One of these is the use of ECR ion sources for Tokamak 
plasma diagnosties. As you know for the progress of 
controlled fusion research a detailed knowledge of the 
composition of the tokamak plasma boundary is essential. 
Lithium neutral be am spectroscopy ean deliver information 
about the eleetron and impurity ion densities in the 
outermost layer of the fusion plasma. For this purpose the 
Austrians developed a eompaet high eurrent 2.45 GHz ECR 
souree for singly eharged Li ion in a eoaxial geometry. 
IV. THE R&D ION SOURCE PROGRAM IN THE EGYPTIAN ATOMIC ENERGY 
AUTHORITY 
IV A. D.C. Ion Soure es 
IV A.l The duoplasmatran ion souree 
The duoplasmatron ion souree i5 a high eurrent source 
capable of supplying few hundreds of milliamperes of beam 
current extraeted from the source's plasma ereated in the 
region between an intermediate anode and anode under the 
influenee of a magnetie field, Fig.(7,. The plasma jet which 
emerges from the anode extraction aperture has a shape which 
depends critically on the operating condition and geometry 
of the souree and extraction electrode, for example the 
qualitv of the subsequent image depends on whether its 
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surface is concave or convex, Fig. (8). 
IV.A.2 Electrostatic Oscillatory Ion Souree 
The prineiple of this sou r e e is based on the ionization 
produced by 05cillating eleetrons between a positive anode 
and two negative eathodes, which surround the anode, in a 
saddle field, Fig.(9 ). Different versions of this source 
have been developed and opera ted in our laboratory, the 
simplest of whieh is shown in the sehematie of Fig.(10). The 
design ef this souree is featured by simplieity of 
construetion and small size. It has the general shape of the 
Penning souree without magnetic field. The gap distance 
between the cathode and anode varies from 0.5 to 3 mm and 
the screen hole diameter varies from 7 to 10 mm. 
This type of ion souree has some advantages whieh 
distinguish it from ether sourees; these are: 
1 Its operation at low pressure (0.04 to 0 .45 m. Torr) 
yields a higher effieieney with respect to lower gas 
consumption. 
Its discharge meehanism is simple; a hollow anode 
5urreunded by two hollow screens, with the absence of 
filament whieh features the souree with l onger life of 
operation. 
3. The absence of extraction vo ltage, sinee the diseharge 
vo ltage acts virtuall y as extraction potential after 
Elec.trom~gn 
1. Elec.tro drl 
W;lter cod.irg~ 
o utlet 
Ferritll Collector 
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gas breakdown. 
4. Its small size, together with low power consumption. 
IV A.3 Radio Frequeney Ion Souree 
The increasing interest in high current ion soure es has 
been continuing with the eontinous development of high 
current accelerators and intense injectors for hot plasma 
systems. Although most attention has been coneentrated on 
the duoplasmatron ion source, yet the fact still remains 
that the radio frequeney (RF) souree is featured with 
certain advantages. Its cleanliness, resulting from absence 
of metallic surfaces, is responsible for its high proton 
percentage (up to 90%) and freedom from contaminants which 
cause adverss effects on downstream accelerator components. 
Its operation at low pressure (1-20 ~) yields a higher 
efficiency with respect to gas consumption, while the 
simplicity of construction, and absence of a filament 
greatly reduce maintenanee problems. In the same time it is 
capable of supplying high beam eurrent. A description is 
given in the following about different types of r.f. sources 
developed in Dur laboratory. 
1. Radial-extraction R.F. ion souree 
An intensive Rand D program has been going 
laboratory on RF ion sourees. 
on in Dur 
Dur development started by introducing the so-called 
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r adia l extraetion RF ion souree, Fig. (11), in whieh the ion 
beam i5 extracted radially in a direetion transver5e to the 
RF field direction. This is based on a simple theory by the 
author for the low pressure RF plasma which gives a radial 
density distribution which follows a Bessel function of the 
:i~ero or-der- (4). 
r 
(2.405 
R 
where n o is the ion density at the tube axis and R the 
pl.asma tube t-adius, Fig. (12). Accordingly radial e:-:traction 
will enable us to extract the be am at the tube center, point 
of maximum density of ionization (no). Some e x traction 
characteristies of the radial-extraction RF source are shown 
in Fig. (13). 
..... L. 
vJhere 
Radial-extraetion RF ion souree with eentral 
eonstrietion (CREIS) 
The ion density at plasma center is found to be (5) 
I d is the discharge axial current, 
v is the ve locity of particles in the r.f. field. 
Thus, 
is inversely proportional the square of the tube 
radius. 
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A further improvement was therefore achieved in t.he 
performance of the radial-extraction ion source (REIS) by 
Fig~ introducing central constriction to the plasma vessel, 
(1~), thereby causing plasma confinement and an inerease of 
the ion current by a factor of more than 0.6. 
3. CREIS with Electron Beam Injection 
The development represent.s a basic 
modification in radial extraction ion souree (CREIS) 
through the introduction at its top of an elect~on gun 
consisting of a hot filament and accelerating electrode 
surrounded by the ferrite core of an electromagnet, Fig 
(15) • Thus, injected electrons will add to the 
secondary electrons (emitted from the plasma tube 
walls) to intensify the plasma in the source's center, 
region of beam extraction. Also, application of the 
magnetic field perpendicular to the RF field will cause 
the oscillating electrons to absorb more energy from 
the RF field eausing an increase of the plasma density. 
The injection 01 an electron beam in the RF plasma is 
an important step towards the improvement of the ion 
beam characteristics in the following manner: 
1- The ion beam current is increased due to increase 
of ionization probability, Fig. (16). 
The ion beam emittanee decreases and its 
br·ightness increases due to spac:e 
Cupper ring 
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neutralization between the ions and so me of the 
injeeted eleetrons, Fig. (1~). 
Also, it is found that the proeess of eleetron 
injeetion deereases the mean beam energy due to 
lowering of the plasma sheath potential. 
4- Eleetron injeetion inereases the eross-seetion for 
multiple ionization proeess whieh leads to a 
higher pereentage of multiply eharged ions, Fig. 
(18) • 
IV. A.4 Broad beam ion source 
The latest development earried out on ion soure es in 
Dur laboratory eoneerns one of those types featured by high 
eurrent and a broad be am which is useful in industt-ial 
applieations requiring a broad be am rather than a narrow 
beam. An ion souree of this type has been designed and 
manufaetured, Fig (f~ • Gperation of this souree is expeeted 
in the near future. 
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ABSTRACT 
The Cerenkov emission, which occurs when the velocity of a 
charged particle exceeds the velocity of light in some medium, is 
introduced. The Cerenkov maser is then described and the model 
equations governing its behavior presented together with some 
thearetical results related to maser operation . 
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1 . INTRODUCTION 
The Cerenkov effect was observed in 1934 by the Soviet 
physicist P. Cerenkov, while the use of the Cerenkov effect as a 
method of generatinp; microwave radiation was proposed by V. 
Ginzburg in 1947. 1-3 Cerenkov radiation be considered the may as 
electromagnetic analog of the shock wave resulting from the 
passage of a supersonic projectile through air or a ship through 
water. In the electromagnetic case, this radiation results from 
the motion of a charged particle through a refractive medium. The 
medium in the vicinity of the particle will be polarized, giving 
rise to radiation centers along the trajectory, In general, the 
radiation from the individual points along the trajectory is not 
coherent. Only when the charge velocity is greater than the 
velocity of propagation in the medium will there be one direction 
in which the radiation is coherent as shown in Fig.1. 
geometry of the figure it follows that cos(e)= 1/(ß n) 
From the 
where ß 
=v/c and n is the refractive index of the medium. For e to be 
real, the velocity of the charged particle must exceed the 
velocity of light in the medium. 
This consideration applied to a single charge moving through 
a refractive medium. This is not a realistic situation since the 
charged particle would soon lose more energy to ionization than 
to Cerenkov radiation. A more realistic situation would be to let 
the charge pass very close to the surface of the refractive 
medium or through a hole cut into it. In any condition, the 
energy loss of one charge will be extremely small . 
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If charges are bunched so that the dimensions of the bunch 
are smaller than the wavelength of interest, the charges in a 
bunch will radiate coherently with a significant increase in the 
radiated power. The continuous spectrum of a single particle also 
changes into a line spectrum with the radiation being 
concentrated at the bunching frequency and its harmonics. The 
bunching can be either externally driven using bunching grids 
similar to that in a klystron device, or self driven using a 
portion of the emitted Cerenkov radiation which is properly 
selected using a frequency-selective component . 
The above discussion leads naturally to the search for 
proper devices for wave generation and amplification based on the 
Cerenkov effect. When a high energy electron beam enters a slow 
wave structure, electrons will radiate spontaneously due to this 
effect . Some radiation will be emitted into a waveguide 
mode (modes) having a phase velocity which is lower than the 
electron velocity. This mode will then interact with the beam to 
produce longitudinal bunching of the electrons on the order of 
the modal wavelength. The Cerenkov emission of waves will thus be 
enhanced and we have thus obtained a Cerenkov maser. TMo~ guide 
modes are obviously suitable for this pur pose because of.the 
component of the electric field along the guide in the direction 
of the electron motion. 
The slow wave structure can be a dielectric or a plasma 
4 
volume. In the dielectric Cerenkov maser (DCM) , the slow wave 
structure is a dielectric lining while in the plasma Cerenkov 
maser (PCM) it is the plasma volume . The PCM has the added 
advantage of partial or complete neutralization of the beam 
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space charge which leads to the possibility of operation at 
higher currents and therefore higher output powers . While the DCM 
has the added advantage of simplicity, the PCM allows the 
variation of the output frequency by changing the plasma 
frequency. This explains why a low density plasma 1s sometimes 
introduced into the DCM. It should also be noted that there is no 
synchronization condition between the beam and wave velocities as 
in the Travelling Wave Tube case. The beam velocity must only 
exceed a critical value. Thus the Cerenkov source is essentially 
of a wide-band nature. Various geometries are presented in Figs.2 
and 3. 
2. ANALYSIS 
The idealized configuration shown in Fig.4 will be 
considered in this section. 5 The plasma and electron beam are 
assumed to be immersed in an infinite magnetic field which will 
prevent any particle radial excursion. In the absence of plasma 
and dielectric lining and considering perfectly conducting walls, 
we either have TM modes (E-modes) or TE modes (H-modes). The TM 
modes have an axial electric field component and should be 
the modes under consideration since they can interact with the 
e lectron beam. When only the plasma is introduced, the 
dispersion relation for the TM modes will be given by 
[V: +(w'2. 
c 2 
Er ( r, ; , ~ , t ) 
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The Solution to this equation includes modified waveguide modes 
beside the, Trivelpiece-Gould modes . When a relativistic beam is 
introduced, the dispersion relation becomes 
h i th b 1 t 1 f d (l -Vo'3.b/c2.)-I/2. w ere wb s e eam e ec ron p asma requency an 'j-' = 
When the dielectric lining material is introduced, pure TM 
and TE modes will be present only if m=O. Otherwise hybrid modes 
(with both E~ and H~ present) will result due to the boundary 
conditions at the dielectric-plasma interface . The above 
dispersion equation will still be valid in the plasma-beam 
region . In the dielectric c2. is replaced by c2. /e where e is the 
relative permittivity while wf and wb are set equal to zero. 
Figs.5-9 show some of the results of solving t~e dispersion 
6,7 
equations. 
It should be noted that when a finite axial magnetic field 
is allowed for, beam and plasma equilibrium rotation must be 
a ccounted for. The effect of wall and dielectric losses has been 
considered and found to be ignorable for practical values. 
Numerical simulation is a powerful tool in the study of the 
nonlinear behavior of the instability and some results have 
4 
already been obtained. Experiments have also demonstrated that 
high-power m1crowaves can be efficiently produced by Cerenkov 
8 
masers . 
3.CONCLUSIONS 
In conclusion, we have presented a discription of the 
Cerenkov effect and the the Cerenkov maser. The simple tunability 
and the possibility of exceeding the space-charge limited current 
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when a plasma is introduced are quite attractive. Practical 
design considerations must take into account both possibilities 
of dielectric breakdown and field emission. 
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X- RAY EMISSION FROM "ATON" PLASMA FOCUS 
O.M. EI Kashef, H.M. SoHman ,and M.M. Masolld 
Plasma Physies Department , N.R.C., 
Atomie Energy Allthority, Cair'o, Egypt. 
Abstraet 
The plasma foeus "Aton" is in operation sinee 1992, whieh 
is Mather type, eonsists of two modules capable to deliver' 
more than 1 MA diseharge eurrent. 
This work is earried out by using one module eapaeitor' 
. bank and hydrogen gas with press ure between 1 t.o 6 torr. 
For 0.5 MA diseharge eurrent a sharp drop in the eurrent 
traee aeeompanied by a sudden r'ise of the voltage between the 
coaxial eleetrode. 
The strueture of the emitted x-ray has been performed 
by means of x - ray probe deteetor. The reslilts showed that 
the x-ray intensity has a peak value at hydrogen pressur'e 
of 4 torr, and the souree was mainly from the foeused plasma. 
Introduction 
The dense plasma foeus produeed by coaxial geometry is 
presently the most sueeessful plasma deviee for' produetion 01' 
high neutron flux. It has been demonstrated that nuclear 
fusion reaetion rates in a plasma foeus ean be as high as 
1019 see-I. in deuterium ,and 1021 sec -1 in D - T mixtur'e 
[1-41. 
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Within the focusing time , a conversion of the magnetic 
energy stored in the eo~xial eleetrode system and the external 
circuit to the plasma oeeurs \51. 
Intensity and the fine structure of the x - ray emerges 
from the dense plasma foeus (~10 kJ) have been 
investigated by several authors [6-71. It has been found 
from time integrated x-ray pin hole pieture, that beside the 
soft x-ray { < 3 keV } emitting region there appear a small 
sOUl'ce of harder { > 3 keV } radiation. 
Two soft x-ray pulses have besn observed [71, the first 
corresponds to the maximum eompression, while the second one 
appears within the expansion phase. 
In this work first investigations of discharge eurrent, 
voltage, and the x-ray emission will be presented. 
The experimental Arrangement 
The "Aton" plasma foeus deviee has a Hatiler type 
geometry, shown sehematieally in figure (0. It eonsists of 
cylindrieal brass eentral hollow inner electrode, 2 cm radius 
and 5.5 cm length, surrounded by an outer electrode eonsists 
of 8 parallel brass bar. The bars are uniformaly distributed 
over a diameter of 11 cm, eaeh bar has a length of 8 cm and 
a diameter of 0.8 cm . 
A ring insulator is loeated between the inner and outer 
eleetrode aeross whieh the initial breakdown oeeurs. The 
coaxial electrode system is .fitted inside a stainless steeJ 
expansion chamber of 40 em length and 38 cm inner diameter. 
At two opposite sides of the expansion ehamber, there are two 
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glass windows 2 cm widt,h and 13 cm height,. A condenser bank 
is used to energize the plasma foeus system whieh consists 
of two modules, eaeh module store 37.5 kJ (25 eapacitol's 
1.5 /-If, 45 kV ) . 
Experimental Results and Discussions 
The investigation started with using only one eapacitor-
bank module at 10 kV eharging voltage whieh r'epr-esents 4 .2 kJ 
then the charging voltage is increased to 
represent stored charge energy of 1Q2 kJ. 
32 kV ,which 
The discharge eurrent and voltage wave form aI'e shown in 
figure ( 2 A,B) . For v = 15 kV 
eh 
the traees cleared that 
the focus oeeuI'red near the peak value of the discharge 
eurrent whieh was 0.22 MA. For v = 32 kV it is clear from 
eh 
figure (3) that foeusing oeeurs eaI'ly at the beginning of the 
disehaI'ge befoI'e its peak value whieh was 0.5 MA . 
In oI'deI' to match the eapacitoI' bank with the foeusing 
time ,for V =32 kV 
eh 
theoretieal ealeulation have been 
carried using both snow plough and slug models, whieh showed 
that the inner eleetrode length must be inereased to 17 em 
for hydrogen gas with pressure = 4 torr. 
Figure <3,A) is for V = 32 kV ,and inner eleetr-ode 17 em, 
eh 
whieh cleared that the foeusing time oeeurs at the peak value 
of the discharge eurrent. 
Measurement of the emitted x - ray from the plasma foeus 
is eal'ried out by using the x - ray pr-obe, whieh eonsists of 
an absorber, seintillator erystal, light guide,and photo-
multiplier. The probe is plaeed inside the discharge ehambel' 
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at 20 cm fl'om the coaxial electl'ode muzzle. Figure (3,B) 
showed the x - ray trace for hydrogen at press ure 4 torr and 
peak discharge current of 0.5 MA. The figure illustr'ated that 
the x - I'ay signal consists of two pulses ,one at the 
focusing in the first half cycle of the dischal"'ge , while the 
second one is for the second half cycle. 
The variation of the x-ray intensity with the change of 
the filling hydrogen press ure showed that the peak value of 
the emitted x-ray intensity occur's at 4 tor'!' hydrogen 
pressure , figur'e (4). 
Figure (5) shows the relation between the x-ray intensit.y 
and position along the coaxial electT'odes outside the 
discharge chambel"' , which is at side view. The maximum 
x-ray intensity is obser'ved at the position in front of the 
muzzle which is the focus position. 
Conclusion 
The CUI"'I'ent. t.l"'ace showed that. t.he focusing t.ime is 
shifted towards the start of the discharge when the dischar·ge 
current is increased. Matching condition pal"'ameteT's must 
be taken into account for each charging voltage and gas 
pressure. The calculated optimum length fol"' dischal"'ge cur'r'ent 
0.5 MA was 17 cm which agrees with the expel'i1nental results. 
X- ray emission measurements cleared that the maximum 
emitted intensity OCCUI"'S at hydrogen gas pressure of 4 torr 
and it originates from the focused p: ,lsma. 
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ELECTRON TEMPERATURE MEASUREMENTS IN PLASMA FOCUS DEVICE 
A.H. Saudy, 'W. Sharkawy, MoA. Eissa, F.F. Elakshar 
and A.A. GaraJllOon 
Phys. Dep., Facult.y oe Science, Azhar Univ., Nasr Cit.y, Cairo, 
Ecr;ypt. 
ABSTRACT 
Elect.ron t.emperat.ure in plasma focus device has been 
measured using t.he soft. X-ray absorber foil met.hod. X-ray 
brust.s, wit.h different. energ-ies, we.re observed just. aft.er 
t.he focus format.ion. The est.imat.ed elect.ron t.emperat.ure was: 
in t.he range of 1-4 KeV, which depends upon bot.h t.he gas: 
pressure and t.he charg"ing volt.ag"e. 
I NTROOUCTI ON 
Mat.her t.ype plasma focus deviee has: been known and 
widely used, as: a powarful souree 01' X-ray, neut.rons, 
eleet.ron and ion beams(1,2 .• 3,4) On t.he ot.her hand. t.he 
ernit.t.ed soft. X-ray ean be used as: a diagnost.ie t.eehnique t.o 
det.ermine t.he t.emperat.ure 01' t.he elect.rons in t.he focus zone 
providing t.hat. t.he plasma is in t.he st.at.e 01' eomplet.e 
"h d . qualib' (5,6) 
.. ermo ynarrue e r1um . 
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The purpose of the present paper is to study the 
dynamics of the plasma focus . The elect.ron t.emperat.ure is 
measured using t.he X-ray absorber foil met.hod at. different. 
gas pressure and eharging volt.age. 
APPARATUS AND DIAGNOSTICS 
Fig. (1) shows t.he arrangement.s of" t.he plasma foeus 
deviee. However. t.he det.ailed diseript.ion is given in Ref. 
(7). Hydrogen was used t.o operat.e t.he syst.em in a apressure 
range of 2-6 t.orr and eharging volt.age was: 11-15 KV. Current. 
was measured by int.egrat.ing t.he Rogowski coil signals: which 
was plaeed around t.he cent.re eleet.rode (anode) of t.he f"oeus: 
device. The diseharge volt.age was det.ermined using a 
resist.ive pot.ent.ial divider ( see f'i~. 1). Fig. (2) shows t.he 
current. and volt.age signals:. Two PIN diodes (BPX) were used 
t.o measure t.he relat.ive int.ensit.ies of' t.he emit.t.ed sof"t. 
X-ray. The PIN diodes were covered by a Myler sheat. eoat.ed 
by Al of dif"f"erent. t.hickness. The eleet.ron t.emperat.ure T 
e 
was t.hus: est.imat.ed f"rom t.he graphs: given by Elt.on R.C, NRL 
report. 6738, 1968(8) at. diff'erent. P and V . 
s 
RESULTS AND DISCUSSION 
The Mat.her t.ype f'ocus: deviee was operat.ed usi~ 30 /-lF 
eapaeit.or bank and 11-15 KV ehart:ing volt.age. Max. enert:y of" 
about. 3.3 KJ was t.ra.ns:mit.t.ed by a f'act.or of about. 50%. The 
ntaX. diseharge current. was: 165 KA, eurrent. rise t.ime 2.6 /-ls 
and t.he tot.al circuit induet.anee was: about. 110 nH. Fig. (2) 
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shows let.) and vet.) whereas: oseillat.ion:s: were observed at. 
t.he beg-ining- 01 t.he det.eet.ed sig-nal. Sueh oseillat.ion:s: were 
relat.ed t.o t.he swit.ehing- proeesses. A mat.ehing- bet.ween t.he 
power supply and t.he eleet.rode syst.em is not.ieed sinee pineh 
oeeurs at. t.he maximum eurrent.. The relat.ive X-ray 
int.en:s:it.ies det.eet.ed by t.he t.wo PIN diodes are shown in Fig-. 
(3). X-ray radiat.ion brust.s are observed. just. alt.er t.he 
eurrent. dips Le. alt.er loeus lormat.ion. The lirst. brust. ean 
be relat.ed t.o t.he radial eompression 01 t.he plasma. while 
t.he seeond is relat.ed t.o t.he break up 01 t.he lormed plasma 
in t.he loeus zone. The lat.t.er may be eaused eit.her by t.he 
MUD Idnk inst.abilit.ies (9) or by eollisions 01 last. eleet.ron:s: 
wit.h anode surlaee. Values 01 t.he est.imat.ed T as: a lanet.ion 
e 
of" t.he charg-ing- volt.ag-e V s ep ~ 4 .5 t.orr) is shown in Fig-. 
(4) whereas: t.he eleet.ron t.emperat.ure is inereas:ed sharply at. 
a volt.af;'e 01 13.5 KV. Variat.ion 01 T 
e 
by inereasing- g-as: 
press ure P is indieat.ed in Fig-. (5). A maximum value 01 
about. 4 KeV is observed at. about. 4.5 t.orr. Fig-. e4 & 5) 
eoruirm t.hat. t.he · eleet.ron t.emperat.ure maximized at. t.he 
opt.imum eondit.ion:s: 01 plasma loeus lormat.ion Le. at. P = 4.5 
t.orr and V = 13.5 KV. 
s 
It. is eoneluded t.hat. t.he Mat.her t.ype plasma f"oeus 
deviee ean be used as: an X-ray souree. Temperat.ure of" t.he 
g-enerat.ed elect.rons in t.he 10CUS zone was: in t.he rAllf:e of" 
4 KeV, t.he maximum value was not.ieed whenever t.he opt.imum 
operat.ion condit.ion:s: were sat.isf"ied. Dif"f"erent. X-ray brust.s 
were also observed whieh may be at.t.ribut.ed t.o elect.ron 
anode surlace collis:.on, SOIt. X-ray emission may be relat.ed 
t.o t.he runaway 
(6) g-ases 
elect.ron process in t.he f"u1ly ionized 
- 3 10 -
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FORMATION OF NONHOMOGENEOUS PLASMA SHEATH IN A PLASMA 
FOCUS DEVlCE 
M. A. EISSA & A. H. SAUDY 
Physies Dept.. Facult.y of' Seienee, AI-Azbar Universit.y, 
Nasr Cit.y 11884 - Cairo, Er;ypt. 
ABSTRACT: 
Transversely excit.ed at.mospherie TEA nit.roEOen laser, 4 
nS widt.h and 100 f-IJ enerEOY, has been used t.o st.udy t.he 
maeroseopie behaviour of' t.he plasma sheat.h ~enerat.ed in a 
plasma f'oeus: deviee. 
The shadowEOraphie re:s:ult.s showed t.hat. t.he plasma is nonho-
homoEOeneous and eonsi:s:t.:s: of' planner :s:heat.h accompanied by a 
~roup of' st.rips: and it. moves axially wit.h veloeit.y 6.6 xt06 
7 
ern/s while it. moves radialy wit.h speed of' 1.2 ,,10 ern/s. 
INTRODUCTION: 
Measurement.s of' plasma paramet.ers wit.h hi~h resolut.ion 
in a plasma f'oeus are required t.o st.udy t.he f'ormat.ion dynamies 
of' t.he eurrent. sheat.h f'ormat.ion . Many observat.ions of' t.he 
current. sheat.h pineh behaviour have been earried out. using 
opt.ieal dia~nost.ie t.eehniques" ' 2,3>. The f'ormat.ion and f'oeus 
dynamics have not. been, yet., eompelet.ly underst.ood, where t.he 
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index of refraet.ion ehan~es very rapidly. The TEA nit.ro~en 
Laser provides a powerful Laser li~ht. souree wit.h good beam 
qualit.y for opUeal dia~nosUe of t.ransient. and densa plasma. 
This paper is eoncerned wit.h shadow~raphy st.udy of t.he 
plasma sheat.h ~eomet.ry in a plasma focus: device 3.3 KJ ealled 
UNU/lCTP /PFF. 
SET UP: 
The mot.ion of t.he sheat.h in t.he plasme focus device is 
invest.igat.ed by a simple TEA nit.rogen laser(41. The 
eonst.ruet.ion of TEA N
z 
Laser is shown in fig. (1). This deviee 
gives an opt.imum Laser energy out.-put. of about. 100 J.lJ at. 
char~ing volt.age 15 KV wit.h pillse widt.h of 4 nS at. half 
maximum (Fig. 3). The eleet.rieal dat.as: of t.he plasma foeus: 
deviee are as: follows , eapacit.anee C - 30 J.lF, induet.ance 
L .. 110 nH, and peak current. 165 KA wit.h rise t.ime 3 J.lS for 
charging volt.age 15 KV. 
The mat.her t.ype eleet.rode geomet.ry was: diseribed in 
ref erenee (!S I. The Laser pulse is synehronised wi t.h t.he plasma 
f o eus by a delay unit. , where t.he llne referenee is t.aken wit.h 
respeet. t.o t.he peak of t.he charaet.erist.ie vol t.age spike of 
t.he foeus signal (Fig. 3). 
RESUL TS AND CONCLUSION: 
Typieal shado~raph piet.ures are shown in Fig. (4) 
det.eet.ed near t.he end of t.he eent.ral ele~t.rode in different. 
Umes in t.he range from 400 nS t.o - 7 nS. lt,.. has been observed 
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t.hat. t.he plasma current. sheat.h has a parabola shape st.art.s 
from t.he init.ial plasma of t.he dischare;e. It. was found t.hat. 
t.he plasme sheat.h velocit.y near t.he end of t.he axial phase is 
6.6 x 106 crn/s, and t.he radial velqcit.y in t.he radial phase 
reached 1 .3 x 107 crn/s. The pict.ures also show t.hat. t.he 
current. st.reamer st.ill propae;et.s wi t.hin t.he plasma sheat.h in 
t.he radial phase, i,e t.he plasme sheat.h is nonhomoe;eneous and 
eonsist.s of plasma sheat.h accompanied by a e;roup of st.rips. 
The format.ion of st.rips of t.he plasma sheat.h on t.he radial 
phase axis is due t.o t.he st.rone; t.urbulence event.s produced by 
t.he hie;h power densit.y in t.he plasma f"ocus(u . Fie;. (3) shows 
an oscilloe;rom of t.he current, and volt.ae;e wave from t.he 
plasme foeUS'. It. ean be not.iced from Fie;. (3) t.hat. t.he e;a.s 
breakdown phase oecured wit.hin 100-200 nS, durine; t.his period 
elect.ron product.ion t.akes place around t.he insulat.or, which 
ioforce t.he sheat.h t.o st.art. aecelerat.il'l€ alone; t.he axis of 
t.he t.ube due t.o several faet.ors, such as radial st.resses on 
t.he insulat.or, t.he eleet.rons flow in prefered pat.hes where 
t.he breakdown t.ime is eapable t.o form a current. st.reamer. The 
left.ed sheat.h will have an inhomoe;enious radial dist.ribut.ion. 
This phenomena was not.iced also in t.he shadowe;raphic pict.ures 
io t.he axial phase and t.ransvered t.o t.he radial phase of t.he 
foeus. 
ACKNOWLEDGEMENTS 
This work was support.ed by (TWAS) RG No. TG 88. The 
aut.hors wOuld like t.o t.hank Prof". S. Lee and Dr. K. H. Kwek, 
M.alaya Universit.y for helpful t.echnical support. . Also t.hank.s 
t.o Prof". Mo Masoud f"or his useful discusion. 
- 316 -
REfERENCES: 
1) R. Hass, H. Krompholz, L. Miet ... !, F. RUh.l, K. Set.oraL~h, 
and G. HElr2:iE;ElI', PhylW L"t.t.."", l;Il;j 6J 40~, l\1U~, 
2) V.A . Gribkov, V. Y .... Nikulir., O.U. S"me.nov .,-ad (I.V. SkJ~kov 
Sov. J. P~md Phy&:. 4(5), 599, 1979. 
3) E.E. BElr,;n.wn, Appl. PhYfil. LtiOt.t. . , 26, 04, 197". 
4) K.H. Kwek, T.Y. Tou .. nd S. Ute, J . Piz. M.l. 9, 36, 19118. 
5) S. Lee, T.Y. Tou, S.P. Moo, M.A. Eis&: .. , A.V. Oho.Lap. K.H. 
Kw .. k, S. Mulyodrono, A.J. Sm.lt.h, Sury.di, W. Ualad., and Jot. 
Zakaullah" Am. J. PhY5l. 56(1), J.,.wary 1980. 
H'f 
- 317 -
Luuor chunul 
triger 
spark gap 
Eie;. 1: lhc TcA nilro&cll laser. 
N? Lo"ur puloo o orx Pin Oiodo 
[-~O nS./,Jiv. j G~U.2 vol[/~1V. 
l'i~. 2. 
I 
div. 
v 
4kv' i 
dj,v . 
• 70 n So 
- 100 n So 
~idiill mot ion 
-200 nS o 
- 300 n5 0 
-400 nS. 
IIxiol motion 
Fig. 41 Typical shadowgruphic 
pictures. 
- 318 -
- 3 19 -
CURRENT - CONVECTIVE INSTABILITY IN DIFFERENT 
PLASMA TEMPERATURE REGIMES 
SH. M. KHALIL, Y. A. SAYED and N. G. ZAKI 
Plasma Physics Dept., 
Nuclear Research Centre, Atomic Energy Authority, 
Cairo - Egypt 
Abstract. 
The Current - Convectlve Instabl1lty (CCI) excited in a plasma 
wlth different temperature ratio Ti/Te Is investigated in the 
linear stage. It is assumed that density and temperature 
have gradlents In x- dlrection and that a longitudinal 
current ( due to relative motion of electrons and ions, ... u = 
~ - ~ ) 
e 1 Is constant and much less than the electron thermal 
velocity ( -+ VTe ) . The effect of external static u « an 
magnetic field directed along Z- direction is also considered. 
This instability may take place in straight discharges 
with super imposed magnetic field, in Toroidal systems 
due to high frequency heatlng of central region of 
plasma where the condition n > 2 is satisfied, where n is 
n = ( a In T / a x ) / ( a In n/ a x). CCI is also of great 
interest for it may have relevance to the Tokamak Edge 
Turbulence. Tt is shown that density gradient alone is 
sufficient to derive the CCI. The growth rate of the 
instabillty Is reduced for large denslty gradients and for 
very hot ion plasma (Ti » Te)' A numerical calculatlons 
showed a good agreement with analytic solutions. 
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1 . Introduction 
Since the pioneerlng works of KadomLsev and Nedospasove 
/1,2/, the current-convectlve InstabiJity (CCI) , alternatively 
known as rippling mode or resistive gradient instability, have 
been the subject of extensive investigations because of their 
interest with respect to the anomalous diffusion and turbulent 
convection of plasma in a positive column . Recently, the CCI 
due to its large growth rate, is considered to be of great 
Importance far it may have relevance to tokamak edge 
turbulence /3 , 4/. ceI takes place in straight discharge with 
super- imposed magnetic field, and in toraidal systems due ta high 
freqllency heating of the central region of plasma where the 
conditlon n > 2 19 satlsfied; n Is the ratio of the temperature 
gradient to denslty gradient. This instability at frequencies 
w » k VTe is a hydrodynnmlcs Instnbility /1-3/, whi]o at 
opposlte condition provided with longitudinal current velocitics 
much less than the electron thermal velocities ( u « VTe ) , the 
Instabl1ity becomes kinetlc /4- 7/ . 
In the present work, the kinetic CeI, under the conditian of 
different temperature ratio (Te I Ti ), Is investigated in the 
linear approximation . It is assumed that density and 
temperature have gradient in the x-direction, and that a 
longitudinal constant current velocity ( ~ = ~ - ti, ) due to the 
e ~ 
relative motion between electrons and ions is directed along 
external magnetic field il ~ H 
o z 0 
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2. Linear Dispersion equation and threshold of CCI 
In the frequency ranges : 
w «0 ; K,VT «0 and K VT .« w «K VT ' ~ ~ ~ ~ // L // e 
the linear kinetic dispersion equation which describes an 
inhomogeneous plasma is /8/ : 
1 + 
<: 
{ 
w 
p~ 
. ~ 
~ ~=e, t 
+ 
<: 
w 
p~ 
n 
__ 0_ 
VT~ 
Z 
ot 
= o (1) 
where; k , K, are the wave vectors parallel and perpendicular 
// ~ 
to the external magnetlc fleld ( "0= ~zllo)' O~= (e~1I0 I m~C) 
is the cyclotron frequency, ~ = t,e for ions and electrons 
respectlvely, W = (4ne2 n Im) und W(Z,J is the known 
p~ ~ 0 ~ "" 
probability integral, 
Z. 
1. 
= exp.(-~) 
/ 
W Z 
e 
+ 
o 
/ 
W 
] 
w - k.\i. 
1. 
The validity of expression (1) for the different terms under 
the summation was tested for an inhomogeneous plasma when w « 0 
ot 
and Kl.VTe « O~ For dense plasma w~» O~, and neglecting 
the inertial motion of the ions along the magnetic field, 1.e., 
2 
W 
« 1 , e 
sound velocity. 
v jT Im. 
r e 1. 
is the 10n-
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We ean obtain from (1) the threshold values of the 
instability by setting w/ as pure real quantity (w/ = w ) and 
o 
u = u Aeeord ingly, in different temperature plasma regimes 
er 
the threshold frequency of the instability Is glven by : 
w 
o 
w 
o 
= 
where, Pi. 
w(n,T)a, 
X (n,T)a, 
is 
= 
w 
ne 
the ion 
Klo X( 
0 
--ln, OX 
for 
Larmor radius 
n,T)a, V
2 
Ta 
0 
a, 
(n, T) 
a, 
T, 
L 
( 
for 
Pi. 
T, » T 
t e 
T and 
e 
V / n, 
s; L 
T, « T 
L e 
) , and 
(2) 
(3) 
If L Is the plasma plneh length along the external magnetle 
field direction, then in our ease the condition 
is satisfied. 
Besldes, the the following expressions for the threshold current 
veloeities are obtained : 
f2 VTe -;e2 [ :e e 0 o 
w , 
nt 
w 
o 
n, 
Cl--+- ) T , ] + T: ' 
2, 
o 
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( at T , 
t 
T , 
e 
2 = 
o 
(5) 
( at T, « 
L 
T 
e 
2 » 1 ) (6) 
o 
where, 1)ot [ :ra 1 
not 
From (4) - (5) we can derive the inequality : 
u (T« T , ) ~ u (T = T,) »u CT »T,) (7) 
er e L er e t er e L 
which shows that this type of instabilities appears faster in 
hot electron plasma than in hot ion and isothermal plasmas. 
3. Excitation of Instability 
Excitation of the instability in the linear stage is 
consldered by allowing a small perturbation in the frequency 
/ 
as : W W + D.w 
o 
D.w = W + k i and are 
frequency and growth rate of the instability. We also set: 
/ 
W 
the 
u = u + D.u and k = k + D.k ,where k = k This will enable 
er 0 // 
us to find solutions of (1) in the linear approximation. 
Accordingly the growth rates of the instability, in different 
temperature regimes, will have the forms 
(T T, ) jTI72 Iwnel { .u I wnel r » e L (1 + K2 2) 2 VTe Jk// J VTe Pi 
,[~ - k2 2 T } Pi ] - ~ e 2, exp ( - Z. ,) sign K2 2 W 1 + T , o L oL ne Pi L 
(8) 
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(T T .) jfl78 Iwnel { ~~e- I wnel r = = K2 2) 2 e 1. (1 + I k// I v Te Pi. 
I)i k2 2 1). I W I exp ( _2 2 .) } . [ Pi ] - jfl78 1. ne 01. (9) ---2 1 + k2 2 Ik~/ I 3 (1+k2p~) Pi. VTi. 1. 
(T T .) ;n wTi. 2. exp(- ZZ .) [(-}- - 1 ) -r « 01. 01. I) i. e 1. (1 +T./T) 
1. e 
2 2 . 
01. (10) 
(1 + T./1' ) 
1. e 
It Is clear from (8) and (9) that for a homogeneous plasma 
temperature (I) ---> 0 ), the CCI can exist even in the absence 
0( 
of longitudinal current (u ---> 0). The following conditions 
are satisfied for instability growing 
k 2 Z (T./ T )3/2 (m / m.)1/2 exp( ZZ.) 
P i. 1. e e!. 01. 
W ne 
~ 1 • for T »T. 
e 1. 
T = T. 
e 1. 
On the other hand, for hot ion plasma (relation (10), the 
growing of the instability is completp]y independent from u. and 
the instabillty is excited under the condltion : 
~ 1 + 
2 
y/. 2 . 
1. 01. 
1 + T ./T 
. 1. e 
which implies inhomogeneity in plasma temperature. 
The maximum growth rates are 
r max (Te » T .) 1. =j1i3 
(11) 
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r max 
(T T . ) ~ /n1l08 (m Im .)1/2 
e t e t 
'1 2 0 VTi. :Je 1 ( Au I n. 
r CT« T. ) ~ (1/12) ~ max. e t i .. , -
3/2 
E 
2 
-1/2 
T/i. (1 - ) T/ i 
3/2 
u
cr
) (12) 
E: « 1 
(13) 
From (8) - (13), its clear that the temperature ratio (T /T.) 
e t 
play an essential role in decreasing or increasing the growth 
rate of CCI. On comparing growth rates (11- 13), we came to the 
following interesting inequality: 
r (T» T. ) »r (T = T. ) > r ( T « T . ), (14) 
max. e t max. e t max. e t 
which shows that the smallest growth rate Is due to hot ion 
plasma. Accordingly, (14) indicate a mechanism for suppression 
of the CCI by increasing the temperature of ions over that o f 
electrons. Other authors considered another mechanisms for the 
suppression of CCI ( for example, by means of RF- feedback system 
/9/, a radial component of the magnetic field /10/, and 
toroidicity , i.e., by strong radial localization which tends to 
make the electron response adiabatic rather than hydrodynamic 
/11/. 
We get numerical solutions for (8), (9), and (10) where 
growth rates normalized to ware plotted as a function of kp . 
n.e t 
for different temperature ratio ( T I T.), plasma homogeneity, 
e t 
and presence of longitudinal current. Our analytical calculations 
showed a good agreement with numerical estimates of the CCI 
(Figs . 1- 3). 
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Figure Captlons 
Fig . 1. Growth rate of C.C.1. versus kpi for T = T. in the e L 
limi ts : (i) Y) = 
e 
0 , u = 0 . and (1i) Y) t- 0 
e 
, u -:;. 0 
Flg. 2. Growth rate of C.C.1. VerslJs kp, for T » T, in the 
L e L 
limits : (1) Y) = 
e 
0 , u = 0 , and (11) Y)e 'I: 0 , u 'F 0 
Flg. 3. Fulfilimenl of 1nequal1ty (14) , the growth rate for 
different temperature regimes 
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COAXIAL GUN PARAMETERS AND X- RAY EMISSION 
(*) H.M. Sol1man, G.M. EI-Arag1, A.H. Saudy , and M.M. Masoud. 
Abstract 
Plasma physics Department , N.R.C. 
Atomic Energy Authority, Cairo, Egypt. 
(*) Physics Department, Faculty of Science, 
AI - Azhar University, Cairo,Egypt 
The paper presents the results of investigation wlth 3 kJ 
coaxial plasma gun , which opera ted with argon gas at pressure 
0.8 torr . The coaxial plasma gun parameters are investigated 
by pick up coils , double electric probe, and x- ray probe . 
The mean electron temperature and density of the ejected 
plasma are 25 eV and 1015 cm-3 respectively. The maximum 
kinetic pressure of the ejected plasma in the expansion 
chamber appears after 10 ~s from the start of the discharge 
current. 
The energetic electrons is detected by an x-ray probe 
which showed a single pulse of electrons with energy ~ 3 Kev. 
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Introduction 
The plasma gun Is of Interest for both controlled 
thermonuclear research and rocket propulsion of speclflc 
impulses. 
It was observed that in the plasma gun [1] there are two 
plasma component ejected from the discharge region , first is 
the fast component contalnlng ~ 1 % of the filling gas 
and they carry half of the discharge energy. The second 
group are the slow component whlch carry the other half of 
the energy . 
It has been suggested [2] that the coaxial gun with its 
stored energy, acts as a high power low Impedance electrlcal 
generator. It derives into the vacuum beyond the gun muzzle 
a jet of current which is the source of the fast plasma, 
17 B ~ ~ 5 x 10 particles, V ~ 10 cm s . 
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Experimental Arrangement 
The coaxial gun consists of two stainless steel coaxial 
electrodes, fig (1). The inner electrode diameter is 3.2 cm 
and .outer diameter is 6.6 cm. The length of the inner and 
outer electrodes are 17 cm and 31.5 cm respectively. A 
ring insulator made of teflon or ceramic is placed between 
the two coaxial electrodes at the bre;ech. The muzzle of the 
coaxial electrodes is connected to an expansion chamber. 
The system is energized by a capacitor bank 61.6 ~F, 
18 kV. The capacltor bank delivers 100 kA with 6.~ ~s rise 
time when it is charged to 10 kV, 
voltage during thls study. 
which is the operating 
The discharge takes place in argon gas under pressure of 
800 m torr. 
, . Out.r EI.etrGd,. 
2.1"".r El.etrode. 
J. No.t 1111 .. Ereetroilt. 
~~~!!t1 '.C.ulll Clbl ... _ S. In.ullt.r . • • '11 inl.t. 
7.Elpln.iOll I>hlmbor. 
I.Vaeuum Mollurlng 
•• Pu~~~;"c!:~.otj.n. 
Figure (1). A schematic diagram of the 3 kJ plasma gun. 
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Experimental Results and Discussion 
A double electric probe is located at 9 cm from the 
the coaxial gun muzzle to estimate the electron temperature 
and density of the eJected plasma. The characterlstic curve 
at each time is obtained . The variation of the electron 
temperature and density with time are shown in fig (2) and 
fig (3). 
3 • 
.1.0 
10 
~o :,. l (" s) 
Fig (2) Plasma electron temperature variation with time 
30 
20 
10 
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Fig (3) Plasma electron density variation with time. 
It is obvious that the gas ejected from the discharge 
volume between the two coaxial electrodes is not replaced at 
once by any source. This is mainly depends on ejection time 
of the gas within the discharge volume and the refilling time 
of that volume. Hence the gas density withln the discharge 
volume decreases wlth discharge time. From denslty curve it 
Is clear that withln the first 8 I1s of the discharge the 
ejected plasma density decreäses from 2: 5 )( 10t '$ cm-9 to 
2: t4 -9 Thls plasma has relatively low 5 )( 10 cm . group 
electron temperature around 15 eV 
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It i s notieed that a main bulk plasmoid is ejeeted from 
the eoaxial gun after 10 ~s from the start of diseharge. The 
mean eleetron temperature anJdensity are 25 eV and 101~ em- 3 
respee t1 ve I y . 
lIenee for the first half eyele of the diseharge two 
different groups are ejeeted from the plasma gun. The .same 
effeet oeeurs for the seeond half eyele of the diseharge at 
whieh the inner eleetrode potential beeomes positive. For 
the seeond half eyele the gas is mostly swept out from the 
diseharge volume and the ejeeted gas density is less than 
14 -3 5 x 10 em . The eleetron temperature for the two groups 
in the seeond half eyele reaeh 40 eV and 30 eV. 
The internal kinetie energy associated with unit volume 
(nKT) of ejeeted plasma variation wlth time Is shown in 
fig (4). The eurve show that only one main pulse appears 
within the main ejected bulk plasmoid with peak value of 
6 3 mJ / em . Taking into aeeount the estimated volume of the 
gas shpw that ejeeted gas earries only 6 Joule of the 
diseharge energy and most of the energy gained as drift 
klnetie energy where the ejeeted plasma velocity reaehes 
6 5 x10 em/s. 
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Fig (4) Ejected plasma kinetic pressure variation with time 
Measurement of energetic electrons temperature of the 
plasma has been done by using an x-ray probe . It consists of 
a target, followed by aluminum .filter with variable thickness 
, plastic scintillator, light gUide, and fast response photo-
multiplier. The probe is placed " inside a stainless steel 
tube and the target is positioned at 18 cm from the 
discharge muzzle. 
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Flg.(5) show an oscillogram of the output of the x-ray 
probe ,lower trace, and the discharge current , upper trace. 
The relative intensity of the output x - ray signal for each 
filter thickness has been obtained . 
of the transmission curves through 
The theoretical values 
aluminum foils for 
different values of electron energy has been obtained [3]. 
The experimental results of the relative intensities are 
plotted on the theoretical curves to estimate the electron 
temperature from the nearest fitting, fig (6) . The estimated 
energetic electron energy is ~ 3 keV. 
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0·2 
2 K.V 
1-4 
La (1/1.1 
Fig (6) Theoretical curves of the relative intensity of 
transmitted x- ray signal through different aluminum filter 
as function of electron energy, $ is the experimental results. 
Conclusion 
A 3kJ bank is discharged through a coaxial gun, filled 
with argon gas at 0.8 torr pressure, gives a ringing current 
with peak value of 100 kA and rise time of 6.5 ~s. 
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It has been found that the plasma gun eject two gyOUPS of 
plasma with two different energies at each half cycle of the 
discharge current The peak electron energy of the 
successive plasma are 20 eV and 30 eV for the first half 
cycle, and 40 eV and 30 eV for the second half cycle. Most 
of the argon plasma has been ejected at the first half cycle 
which explain the higher value of electron temperature in the 
second half cycle. In some experiment [4] the current is 
self crowbared in the second half cycle due to very low gas 
density. 
Most of the plasma which has been ejected at the first 
half cycle has a mean temperature and density of 25 eV and 
5 x 101~ cm-3 respectively . Thus the interna I kinetic 
energy gained by this plasma pulse is very small compared 
wi th the gained plasma drift ki"netic energy, nKT« 1/2 mv2 . 
Where nKT ~ 6 mJ, and 1/2 m v2 ~ 60 J. 
The x - ray probe detect an energetic . electron pulse 
generated at the second half cycle of the discharge with 
estimated energy of 3 keV. 
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Relaxation Processes In Neon After Glow Plasma 
R.A.EL-KORAMY and A.M.A.AMRY 
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N.A.ACHURBECOV 
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Abstract: The nanosecond impulse discharge in 
Ne gas has been investigated by mass 
spectrometric, optical and probe methods. It 
is shown that the d.issoclatlve rocombinatian 
1'lays an important role in the 
population of the excited levels 2P~ 3sX in Ne 
after glow plasma. 
1.Introduction: 
The plasma features of a short-duration pulsed 
discharge in inert-gases have been the subject of 
considerable interest in investigation of active medium in 
lasers. Interest in ionization relation in inert-gas 
discharges has been stimulated recently by the rapid 
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development of excimeric lasers excuited by pulsed 
electrical discharges [1,2] 
It has been established that the dissociative 
recombination plays an effective role in the physics of gas 
lasers. In [3], a model was developed for the initial stage 
of ionization in a pulsed inert-gas discharge plasma at 
moderate pressures. It was shown that the electron density 
increases explosively in time due to accumulation of atoms 
in the lowest excited states. 
The present work deals with investigation of 
relaxation processes of the populations of excited atoms in 
Ne with electron configuration 2p53s during the influence 
of short-duration (some hundred nanosecond) and high pulsed 
voltages on the gaseous medium. 
2.Experimental Procedure: 
The investigated discharge in Ne is carried-out in a 
pyrex glass (0.5 cm in diameter, 20 cm length supplied by 
internal Rogowiskii shaped electrodes. The impulse voltages 
up to 20 kV, time duration of 400 ns and rise-time in order 
of 2-8 nS,have been applied to the tube. 
The densities of excited atoms have been measured by 
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the complete absorption method [4], using a source of 
probing laser radiation in crystal which may be produced by 
pumping N - laser(with transverse diafragm of pumping) of 
2 
permission time 50 ns. This time, in principle, may be 
determined by the precise synchronization of laser source 
with the investigated discharge. 
The ionic composition of plasma is examined by the aid 
of field mass spectrometer [5]. Using the double probe 
method, the electron density n and electron-gas temperature 
e 
T have been measured . (Measurements are performed at the 
e 
end of current impulse). 
3.Results and discussion: 
Time-dependence of atomic density n in the first 
2 
excited state levels: 1 p and 3 p , referred to the electron 
1 2 
configuration 2# 35 at gas pressure of 665 Pa and applied 
impulse voltage of 15 kV, is shown in Figure(1 ) . It 1s 
shown that at the beginning of impulse the atomic density n 
2 
rapidly increases. After (150 - 200) ns, a sudden decrease 
in n occurs. When the applied voltage is cut-off n 
2 2 
increases again. Figure(2) shows that T decreases from few 
e 
electron- volts to ab out 0 . 8 eV in aperiod of 2 ~s after 
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cut- off. During this period n reaches a maximum value , as 
2 
shown in Figure ( I) . The absolute value 
14 -3 
concentration is approximately 10 cm . 
of electron 
At all values of pressure up to 665 Pa, the time 
dependence of atomic and molecular ion concentrations has 
two maxima, as shown in Figure ( 3 ). Furthermore , the molecular 
ions appear in the discharge medium at a later time from the 
appearance of the atomic ions. When gas pressure reaches 
1300 Pa , the ratio of molecular ions to atomic ions 
increases from 10 % to 20 % in the integrated current. 
Schematic diagram for Ne energy levels and electronic 
ground state of N~ i5 represented in Figure(4). Each of the 
2 
electronic states: 2p'5 3s ; 2l3p ; 2l3d , '5 2p 45 
2p'5 SS is combined in one effective level according to their 
statistical weights. 
At the beginning of discharge, gas excitation takes 
place at high or medium electron energies and at lower 
concentrations of electrons. The following inequalities , 
numerically simulated by the authors of [3,6,7] , are 
generally satisfied under the conditions of the present 
work: 
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n n k » n n ß29 } 1 9 12 2 9 (1 ) k »ß 
12 19 
This is related to a considerable degree with the small 
value of the configuration weight of the excited state in 
comparison with the weight of the ground state and of the 
continuous spectrum [8]. In these inequalities: n is the 
1 
atomic density of the ground state; k is the 
12 
excitation 
coefficient for the first excited level of collisional 
trans i t ions (1--> 2) by el ectron impact; ß and ß are the 
19 29 
coefficient rates of direct ionlzation from the ground state 
and from the first excited level. 
For the given stage in Figure(1), there is an 
intensive accumulation of atoms in the first excited levels, 
however, its participation to ionization process 1s 
unimportant. At certain values of n and T an ion1zation 
9 9 
channel could be formed from level 2 (first excited level). 
Therefore, each formed excited atom would immedlately be 
10nized. So, n increases in an avalanche form and T 
9 9 
deceases. This decreases the speed of excitation process and 
causes a fall down in the concentration of excited atoms in 
the levels 2p'53SX. 
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In order to explain the time dependence of the 
excited atomic densities after cut-off, we use the theory of 
modified diffusion approximation (MDA) [9-10]. Within the 
frame-work of that theory, the motion of electrons from 
ground state to the atomic continuum is represented by 
diffusion form of discrete energetic spectrum. Furthermore, 
from the point of view of the MDA, recombination is the 
meandering of an electron over discrete energy level of the 
atom and its coefficient is proportional to the particle 
diffusion flux. Corresponding to this process is a diffusion 
equation, which goes over into the Fokker - Planck equation, 
and it has been intensively developed, starting with the 
works of [11-14], in the limiting case of finitesimally 
small energy change. On going to the continuous energy 
spectrum, the diffusion equation is transformed into the 
divergence of the flux. It has been denoted that, the 
expression in term of finite differences makes possible to 
be exact account of transitions between close-Iying states, 
the so- called single quantum transitions as &--->k +1. So, 
it will be convenient to introduce the concept of the 
electron flux in energy space J , which 1s proportional to 
k 
the number of particles passing per unit time through a 
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section drawn between the pair of levels with k + 1 and k. 
Then, taking into account both the impact and the radiative 
process, the flux equation can be written in the form [6]: 
J (nO zn) (y - y ) 
k k,k+1 k k k+1 
(2) 
where Z is the 
k ,k+1 
effective transition probabil i ties 
between close- Iying states k, k+l; n
k 
is a factor that takes 
into account the difference of the emergence of the 
radiation in the spectral lines of the population of the 
st nk (k+l) level, and Y ( = --) is the relative population, 
k 0 
n 
k 
which characterizes the degree of deivation from the 
equilibrium values, calculated for T 
e 
[the superscript 0 
will always denote equilibrium quantities]. 
A certain analogy can be drawn between the system of 
equation(2) and Ohm's law, for a section of a circuit 
consisting of resistors connected in series, such that 
R (no Z n
k 
) -1 } k,kH k k, k+1 (3) 
R = 1: R ke n, n+1 
n>k 
The corresponding equations, calculated Z ,n are given 
k,k+1 k 
in [7] , From the represented diagram of Figure ( 4), the 
energy of the level 4 approximately coincides with that of 
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the os cillated excited level 1 of the molecular neon ion 
N:. From that level, an associated ionization process 
2 
effectively takes place with molecular neon ion formation, 
according to the following manner: 
+ Ne(4) + Ne(l) -----> Ne + e 
2 
It has been established in[6] that the products of a 
dissociative recombination are predominantly excited atoms, 
while associative ionization can proceed from excited 
states. So, the dissociatlve recombination of N: mainly 
2 
populates the levels 5 (2p 3p) [15], as the following 
process : 
Ne(3) + Ne 
According to these processes,the equivalent electrical 
circuit can be represented in the form: 
'" 
y 
l~ 4 J J J n J 1 1 2 2 3 4 4 4e --> --> --> ---) 0- 1 1- 0- 1 1- 0- 1 1-1-1 1-0 y R Y R Y R R Y Y 
1 12 2 23 3 34 4e e 
n n n 
111 
1 2 3 J R 
4 4 
I 
where Y =n /nO 
9 9 9 
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The represented equivalent electrical circuit is 
satisfactory under the quasi-stationary condition for the 
excited states. Numerical values, calculated on the basis of 
the experimental data available in the literature[7] , show 
that this condition has been justified for the states k>2, 
then, at the junction 2 
J - J 
2 1 
an 
2 
at 
o 
Now, we can write down Ohm's law for the corresponding 
parts of the represented equivalent circuit: 
Y Y 
J 1 (_2 ~) 
1 ~ n n 
12 2 1 
Y Y 
1 (~ _2 ) J ~ 2 n n 
23 3 2 
* 
+ J =0( n n 
d. r. 9 2 
Y Y 
J 
1 (_4 ~) (4) ~ -3 n n 
34 4 3 
Y 
1 (Y y- _4 ) J ~ 49 9 n 
49 4 
Y 
J 
1 4 
4 R n 
4 4 
R (nO n K ) -1 
4 4 1 . a 
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where 0( 
d. r. 
is the dissociative recombination coefficient of 
Nt/ ,and k is the associative ionization constant. 
2 a 
At the junctions, the following conditions are 
verified: 
iJn 
J - J 2 
2 1 iJt 
* J + J J 
2 3 
J J + J 
3 4 4e 
The resistance R 
4e 
is expressed as folIows: 
(nO n -1 R ß4e ) 4e 4 4 
The rate coefficient for ionization ß4e from the 
quasi-stationary level 4 consists of the sum of the direct 
and step-wise ionization coefficients i.e., 
ß = ß, + ß 
4e 4d ~ r 4step 
It will be convenient to introduce the following: 
(i) ß can be calculated by using Draffin's equation [6]: 
4d~r 
ß d' 4 ~r Bn.l' o 
R 
(--L ) 
E 
4 
j-2T f N __ e
k Tl m 
where R =13.6 eV; U =E IT' N-the number of the 
y k k e l 
equivalent 
(5) 
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electrons in the given shell; f -the force of free-bind 
k 
transition oscillator. The function ~(U) i8 defined in [6]. 
k 
(ii)For T ~l eVJ the step-wise ionization channel from 
levels with k > 2 is unimportant, because most of the 
radiation escapes. 
Solving system(4) and (5)J we can reduce the problem 
to a solution which give the potential Y;fI as: 
4 4 
Y r2 4 
11 r t 4 
Y Y 1 (3 1 1 1 
where e r = ; r =-
2 R R Ot 1 R OtJt R 
4e 34 34 34 4e 
1 1 1 
Ot -- --- +--
R (R 2 R 
23 23 34 
dn 1 
* 
1 
(3 2 + J 
dt ( R ( R R 
23 12 23 
R + R 
( 12 23 
R R 
12 23 
Calculations J using equations (4) -(6) , 
1 
R 
4 
(6) 
Y 
1 
n 
t 
give the 
following values for the resistances and current densities J 
at two different values of 
Table(l) 
T ( 1& 3 eV)J as shown in 
e 
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Table ( 1 ) 
T , eV 1 3 T ,eV 1 3 
e e 
R 3 2.70xlÖ1? 1.16xlÖ 21 J -3 -1 - 1.6x1cJ9 2.3xU]1 cm .s cm s 
12 2 
R 3 1.04x1Ö16 3. 75x10- 21 J -3 -1 1.4x1cJ9 2.3xU]1 cm .s cm s 
23 3 
R 3 3.14X10-16 4.30X10- 22 J -3 - 1 - 1.1xlcJ9 9.3xU]1 cm .s cm s 
34 4e 
R 3 1.30X10-16 1.40x10- 21 J - 3 - 1 2.5x1cJ9 1.4X1ifO cm .s cm s 
4e 4 
3 5.60x1 0- 1? 1. 75x10- 21 * - 3 - 1 3.0xlcJ9 3.0xlcJ 9 R cm .s J cm s 
4 
.. 
It should be noted that , for calculation o f J we 
used the dependence of the dissociative recombinati on 
coefficient ~ of Ne+ on temperature , which is given as 
d. r 2 
fol lows [15] 
~ = ~ (300) 
d. r. [ 
30TO ja' 42, ( 7 ) 
e 
where ~ (300 ) = 2x10-?cm- 3 sec- 1 .One can see, fr om the last 
relation , that , at high electron gas temperatures, 
relatively high flow currents circulate between the states 
such as 
level 3 - - > level 4 --> Ne+ --> level 3 
2 
The calculated values for the populations of level 2 at T 
n 
2 
-3 
cm • While at T there 
e 
is an 
attenuation in the effect of all excited processes, and , so 
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that the total current density J 
2 
flows in the opposite 
direction. Hence, the calculated value of n behaves as 
2 
8xl cf2 cm-3,which gi ves a good agreement wi th those obtained 
from the experimental data. Here it should be noted that, 
the calculated values, performed without taking into 
consideration the channel of dissociative recombination, do 
not give an increasing in the population 
(n ) after discharge cut off. 
2 
4.Conclusions: 
of level 2 
The experimental results obtained in this work and 
their interpretations are in good agreement with those found 
in literature [7,15]. In the following salient conclusions 
are described: 
(1) At the beginning of the discharge, the first excited 
levels have been intensively occupied, but their 
participation in the ionization processes is unimportant. 
After that, as far as increasing the electron density and 
decreasing the electron gas temperature, preaquirable 
ionized channel could be established, which leads to 
increase n in a streamer from,and to decrease excited atom 
e 
densities. Furthermore, at the same time, the electron 
gas-temperature decreases. 
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(2) After cut- off the impulse current, the step-wise 
excitation and ionization processes are continued. As T 
e 
decreases, a channel of molecular- ion formarion preacquirely 
would be formed. 
(3) The observed growth in the densities of the excited 
atoms, after cut-off the discharge ,is mainly restricted to 
the dissociative recombination of the molecular neon ions 
References: 
[1] Eletskii.A.V. Usp.Fiz. Nauk (USSR) , 125 (1978) 279 
[Sov.Phys. Usp. (USA) 21 (1978) 502]. 
[2] Aleksandrov N.L., Konchakov A.M. and Son E.E. Zh. Tekh. 
Fiz USSR) 50 (1980) 481 [Sov.Phys. - Tech. Phys.(USA) 25 
(1980) 291] 
[3] Kudryavtsev A.A., Shrebov V.N. Zh.Tekhn.Fiz.(USSR) 
53(1983) 53 [Sov.Phys.Tech.Phys.(USA) 28(1)(1983) 30 ]. 
[4] Frich S.E. Optical Spectra of Atoms. Moscow, USSR, Nauk 
Pub li . (1963) . 
[5] Igorov V.S. Nolecular ions of inert gases in impulse 
discharge - Publiched in: Plasma Chemistry, Moscow(USSR) 
7(1980) 187. 
[6] Biberman L.M.,Vorob'ev V.S. and Yakubov I.T.Zh. Usp.Fiz. 
- 355 -
Nauk (USSR) , 107(3) (1972) 353 [Sov. Phys. Usp.(USA) 15 
(4)(1973) 375. 
[7] Biberman L.M.,Vorob'ev V.S. and Yakubov l.T. Usp.Fiz Nauk 
128 (2)(1979)233 (USSR) [Sov .Phys.Usp. (USA)22(1979) 411]. 
[8] Smirnov B.M.Ions and Excited Atoms in Plasmas [in 
Russian), Atomizdat, Moscow(1974). 
[9] Vorob'ev V.S. Zh.Eksp. Teor.Fiz.51(1966)327 (USSR) [Sov. 
Phys. JETP (USA) 24 (1967) 218. 
[10]Biberman L.H., Vorob'ev V.S.and Yakubovl.T. a) TeploEiz. 
Vys. Temp.5 (1967) 201; 6(1968) 369; 7(1969) 193 (USSR) 
b)Zh.Eksp.Teor.Fiz 56(1969) 1992 (USSR) [Sov.Phys. JETP 
(USA), 29( 1969) 1070]. 
[11]Belyaev S.T.and Budker I. In Plasma Physics and the 
Problem oE Controlled Thermonclear Reactions 3 (1956) 
41 (AN USSR). 
[12]Pitaevskii L.P. Zh. Eksp. Teor.Fiz.42(1962) 1326 (USSR) 
[Sov.Phys- JETP (USA) 15 (1962) 919 ]. 
[13]Gurevich A.V.and Prtaevskii L.P. Zh. Eksp.Teor. Fiz. 64 
(1964)1281 (USSR) [Sov.Phys.-JETP (USA)19 (1964) 870 ]. 
[14]Gurevich A.V. Geomagn.i aeronom 4 (1964) 3. 
[15]Eletskii A.V.and Smirnov B.M.Zh.Usp.Fiz.Nauk (USSR) 136 
(1982) 25 [Sov.Phys. Usp. (USA) 25 (1982) 13]. 
- 356 -
n 
2 
o 1 
x 1012 , -3 • 2 cm 
5 
4 
3 • 
• 
2 
o 
o 2 4 6 8 10 12 t, ~s 
Figure (l).Time - dependence of the first excited atom 
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Figure (2).Time-dependence of the electron -gas temperature. 
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Figure (3).Time - dependence of the relative ionic currents 
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Figure (4).Schematic diagram for Ne energy - levels and the 
electronic ground state of Ne+ : 
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Steps in Nuclear Fusion Research' 
E. Hintz 
Research on controlled nuclear fusion ca me to my knowledge in 1956 by a talk of 
Academician Kurchatov in Great Britain, in which for the first time some of the results of 
Soviet research on this field of science were released . As one reaction to this publication 
a working group on fusion research und er the direction of W. Fucks and H.L. Jordan was 
established at the "Technische Hochschule Aachen" by the Parliament of the State North-
Rhine Westfalia already in November 1956. This was also the point of time, when I joined 
it. The following statements will be strongly influenced by personal experiences, which 
also means that I shall emphasize among the nuclear fusion devices, the E>-pinch and the 
tokamak. 
Our group started immediately with theoretical and experimental work on high 
temperature plasma physics and selected the pinch effect as the first means to generate 
a high temperature plasma . However, very soon, it was recognized that this configuration 
in general was unstable; it was even possible to explain the observed m = 0 and m = 1 
instabilities by theory . 
In the following year publications appeared in rapid succession on various aspects of 
fusion research and high temperature plasma physics, mainly on the pinch effect. In 
particular, the 3rd Int. Conf. on lonization Phenomena in Gases" which 1957 took place 
in Venice, was the arena for such presentations . For the further development of Nuclear 
Fusion a paper by J .D. Lawson, published in the Proc. of the Phys . Soc. (B 70) was of 
special importance; in this paper the conditions for energy production by a thermonuclear 
reactor were established in terms of the required plasma temperature, plasma density nj 
and energy confinement time TE: 
n TE '" 1 0 14 cm-3 s; T '" 1 0 keV; it is remarkable that these conditions are still valid. 
The year 1958, may be, was even of greater importance: The 2nd Int. Conf. on the 
Peaceful Use of Atomic Energy" took place in Geneva and on this occasion worldwide 
research on nuclear fusion became unclassified. All the concepts for the heating and 
' Presentation at the panel discussion of the 3rd Workshop on Plasma 
and Laser Physics 
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confinement of high temperature hydrogen plasmas, which so far had been designed, 
were reported in publications or presented in an exhibition. We became acquainted with 
the principles of the different quasi-steady state, low ß-confinement schemes as the 
stellarator, the mirror machine and the tokamak and learned about pulsed high ß-devices 
like z-pinches and El-pinches. 
The main problems of fusion research were elearly identified: Anomalous energy and 
partieIe losses due to "cooperative phenomena", radiation losses because of impurities 
and hydromagnetic instabilities. Plasma diagnostics were still in its infancy. It was 
emphasized by L. Artsimovich, that at that time not a single one of the various magnetic 
confinement concepts was decisively superior to any other and therefore investigations 
had to be carried out in different directions. 
The next major conference took place 1961 at Salz burg . Detailed experimental results 
were reported on most of the confinement devices; diffusion of plasma ac ross the 
magnetic field of quasistationary devices was found to be several values of magnitude 
larger than that predicted by classical theory and was approaching "Sohm diffusion" . 
Interest had shifted fram z-pinches to El-pinches, which for the first time produced 
plasmas at temperatures elose to 1 keV and densities of the order 10 16/cm 3. 
In 1965, even better data could be presented for the El-pinch, e.g . ne == 5 • 10
16/cm3 , Ti 
== 1 keV, TE == 15 ps . However, one barrier could not be overcome, the life time of the 
plasma was limited to approximately one energy confinement time, because there was no 
additional heating method for this type of plasma available. While impurities did not 
present a problem, losses of energetic particles due to charge exchange with the cold 
particles of the residual gas proved to be a serious problem . 
Research on El-pinches delivered important contributions to the development of plasma 
diagnostics and to the understanding of tearing modes, of plasma rotation and of 
collisionless dissipation, e.g. in shock waves. On the Int. Conf . on Controlled Nuelear 
Fusion Research 1968 in Novosibirsk it was shown for the case of a long El-pinch with 
sufficiently high density and accordingly with a thick sheath, that diffusion can be alm ost 
classical. Nevertheless, axial partieIe losses in open ended El-pinches were unacceptable 
and the linear El-pinch was no longer considered a candidate for a fusion reactor. 
Instead, interest of nuclear fusion laboratories shifted more and more towards the 
tokamak . Sy 1970 it had been demonstrated that this device was grossly stable, Te-values 
elose to 1 keV were achieved and, although energy transport was elearly anomalous, it 
appeared that confinement might be adequate for reactor purposes. 
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In the following decade tokamak performance was rapidly improved, e.g. by improved wall 
conditioning methods, by building larger systems, but in particular by development of 
additional heating methods. Heating by the injection of energetic neutral hydrogen beams 
was especially successful, but also ICRH was developed to a powerful heating method . 
Non-inductive current drive, e.g. by high frequency power as weil as by neutral beams and 
by combinations of both methods was another successful development. In contrast 
research on the mirror machine strongly decreased. 
Fusion research in the period after 1980 was dominated by the results achieved with the 
large machines JET, TFTR and JT60. Significant steps were made towards the 
thermonuclear regime, e.g. in JET a confinement time of 1 sand temperatures of 10 keV 
were approached at a density of 5 • 10 13/cm 3; the duration of the discharge reached 
many energy confinement times. 
Significant progress was achieved with respect to the reduction of the impurity problems, 
mainly by two measures: 
The plasma facing surfaces of wall and limiter components were coated by carbon 
films and thereby the z-number of the wall released impurities was decreased (trom 
- 25 to 6) 
oxygen emission was reduced by deposition of oxygen getters onto the wall 
surface (boron, silicon) 
Presently , nuclear fusion research is governed across the world by the challenges which 
are encountered by the planning of ITER; the international tokamak intended as the next 
step towards an economic nuclear fusion reactor. Discharge times of the order 1000 s are 
foreseen. One of the big problems to be solved is the he at removal and impurity control. 
Probably new approaches will be required, e.g. new concepts for the target plates 
including new materials and radiation cooling of plasma edge and divertor. The fuels and 
ashes have to be pumped at adequate rates. Refuelling has to be provided - taking into 
consideration large plasma radii and high plasma density high pellet speeds are needed. 
For the long term we have to answer the question whether quasistationary tokamaks can 
be developed which avoid strong temperature excursions of the material or whether we 
have to switch to stellarators for that purpose. Recently, proposals have been made, 
which, by combining bootstrap current and non-inductive current drive , make a 
quasistationary tokamak not appear completely irrealistic. 
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Finally, we want to discuss the following question: 
What could be the tasks of small tokamaks like UNITOR in nuclear fusion research? 
Since in these tokamaks the penetration depth of the neutrals will be of the order of the 
plasma radius, research, in any case, will be restricted to problems of the plasma edge. 
The detailed investigation of the 2-dimensional nature of the edge including the role of the 
neutrals (atoms and moleculesl might be an important task. Another unsolved and 
challenging problem is the space charge sheath in front of the limiter. 
Even more important may be the education and training of young scientists. In order to 
cope with the problems imposed on us by the design of a nuclear fusion reactor, what will 
be needed most, are brilliant young people which will be able to solve the outstanding 
problems of nuclear fusion research . We have to attract such students by our research 
activities. For this we also need fundamental research which, as a natural by-product, will 
provide us with new ideas. 
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Tokamak Research, Present and Future 
by . 
Andre L. Rogister 
Institut für Plasmaphysik 
Forschungszentrum Jülich GmbH 
Association EURATOM-KFA 
Postfach 1913, 52425 Jülich 
Federal Republic of Germany 
Fusion research has now entered the stage of "professionalism". Tokamak discharges 
are reproducible and clean; a profusion of refined experimental data are available and we are 
hopefully heading towards a reactor. As a consequence, there is no room left today, and no 
interest, for exotic theoretical developments; wild ideas and more common sense alike must 
have only one aim: understand the observations, if possible predict what should be observed, 
suggest new and fruitful directions for experimental investigations. 
You are now, in Egypt, fortunate enough to have a tokamak so to say in your back-
yard. Using of my own experience, I would recommend, if I may, to direct a good part of 
your theoretical effort trying to understand the plasma behavior in this machine; you will 
find it much more rewarding in the long term than working on problems with little likeli-
hood of application or for which there are no bench-marks to which to compare. 
Having said this preamble, let's come to the main point of this discussion: what is the 
stage of theoretical fusion research today? What should be tomorrow's policy? 
Let's consider the area of transport. One often hears that transport in fusion devices, 
and particularly in tokamaks is not understood. This statement is, to a large extent, incorrect 
and unfair. We, theoreticians, have very precise ideas of what are the causes of anomalously 
large transport. In the plasma core, as in the plasma edge, it is due to two or three major 
instabilities: the trapped electron mode, the ion temperature gradient mode and the tearing 
mode on the one hand, ionization and radiation driven instabilities on the other hand. True 
to say that the analytical theories of these modes, both linear and nonlinear, are far from 
being complete, but these tasks are immensely complicated and we are only a handful to deal 
with them! The plasma equilibrium indeed is characterized by a large number of dimen-
sionless parameters: the ratio of the kinetic to the magnetic press ure, the ratio of the Larmor 
radius to the characteristic macroscopic length-scales across the field lines, the ratio of the 
characteristic length-scales across and along the field lines, the collisionality parameter, and, 
in the plasma edge, the ratio of the neutral penetration depth to the characteristic radial 
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length-sca1e and the ratio of the latter to the poloidallength-scale, Le. to the plasma minor 
radius. Furthermore, each instability range can comprise rather sm all and rather large 
poloidal and toroidal mode numbers ("smali" and "large" by comparison, say, to the ratio 
of the minor radius to the Larmor radius). The theoretica1 results change qualitatively and 
quantitatively across this multi-dimensional parameter space. Thus, being in the impossibility 
to develop a theory which encompasses all cases, the theoretician must develop linear and 
nonlinear theories appropriate to each situation and match the results across parameter space. 
The most simple illustration of this philosophy is found in the neoclassical theory of trans-
port (based on binary collision processes, but which, unfortunately, does not account for the 
observations, even order of magnitude wise), where three asymptotic collisionality regimes 
have been identified and a formula elaborated to match the results obtained in these three 
limits. Under those conditions, guidelines coming from experiments are invaluable to help 
the theoretician identify the most relevant domains of parameter space. It is unfortunately 
only recently, with the development of reliable wall conditioning methods, that clean, 
reproducible, controllable discharges have routinely been obtained; it is also only recently 
that experimental techniques have been available to obtain the fluctuation, density, tempera-
ture and current density profIles with sufficient resolution as to be a real guidance for the 
sophisticated and subtle theoretical developments. I would also like to note that it would be 
a gross illusion to believe that one can replace analytical research by numerical work on 
large computers. Numerical research leads to megabytes of informations which our mind is 
unable to cope with unless we can fit them into an analytical model; the property of a 
theoretica1 analysis is to explain the facts with a few concepts that our mind can classify, 
rather than describing them with a large number of informations. 
I deeply believe that it is extremely important that we understand what are the 
physica1 processes at work in magnetically confined plasmas. Understanding implies simpli-
city, efficiency, reliability of machine operation. Awareness is what has allowed man to 
proceed from the darkness and fears of the middle ages to the clarity and freedom of 
modern times. The research policy of the advanced countries is however at best paradoxica1: 
tremendous funding is and will be provided to build large and fine devices; in Europe: 
TEXTOR, ASDEX, TORE SUPRA, JET; worldwide: ITER. But there are only a handful 
of physicists to scan the tenths of megabytes of raw data each shot provides! And there are 
even less of them with enough training in the arcane of instability and transport theory! 
In Summary, it is only recently that magnetic confinement experiments have reached 
a sufficient degree of sophistication and reliability as to be valuable guidance to theoreti-
cians. A very much improved understanding of the physics of confmement could then be 
reached within the next decade if the number of physicists in charge, especially of theore-
ticians, would not remain unrealistically low compared to the rate of experimental informa-
tions provided by the machines. 
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Prof. H.H.Hasoud 
Head 
Plasma Physics Department 
Nuclear Research Center Atomic Energy Authority 
Cairo - Egypt 
The basic objectives of the research programme of our 
department were 
i) To establish a qualified scientific staff members. 
ii) To develop and modify the experiments and the scientific 
plan in a way which enable the research groups to be able to 
contribute with some effort in plasma physics research and 
applications. 
The research activities in the department is divided into 
four groups : -
1 - Fundamental plasma research ( theoretical and experimental ) 
2- Fusion technology ( theoretical and experimental ) 
3 - Plasma and laser applications. 
4- Theoretical Plasma Physics Group. 
1) Fundamental plasma research experiments 
1.1 8 - Pinch 
There are two running experiments at the moment: the 0.8 m 
8 - Pinch and the 3.5 m 8-Pinch. The experiments can work also 
as screw pinch . 
The current studies are : Magnetic tearing. Plasma heating 
Micro- instabilities, and Development of diagnostics. 
1. 2 Z - Pinch 
A small z-pinch machine with long discharge time is used 
to study, basic plasma processes,micro and macro-instabilities, 
auxiliary RF heating, development of diagnostics . 
1.3 Coaxial discharge 
A 10 kJ coaxial gun is used to study the distribution and 
parameters of ejected particles, discharge dynamies, external 
magnetic field effect on the plasma parameters 
2) Fusion technology experiments 
The main experiment was 1 HA "Aton 11 plasma focus which 
is used to study X- ray and energetic particles emitted 
from it. Deuterium gas will be used later to measure the 
neutron flux . 
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Now with the great help of Prof.Dr . E. Hintz (IPP/KFA ) 
and Prof. Dr. J. Uhlenbush ( Dusseldorf Univ. ) we have a 
small tokamak which was previously the Uni tor Tokamak of the 
University of Dusseldorf. The tokamak will used to train our 
groups in tokamak physics and to study transport 
Helium ion beam system is planned to be used for 
beside micro- wave and laser scattering. 
3) Plasma and Laser Applications experiments 
phenomena. 
diagnostics 
Glow discharge experiment Is used for the study of : 
discharge parameters in all regions, effects of the cathode 
and anode materials, application in material processing, test 
and develop diagnostics. 
Coaxial plasma gun experiment will be used for material 
testing. 
It is planned to carry on plasma deposition and sputtering 
research . 
Laser experiments 
The main object of that group is to design and construct 
a powerful CO laser and for industrial and medical uses. Also 
2 
to develop lasers for plasma diagnostics. 
4) Theoretical Plasma Physics Group 
The program of the group will be developed in parallel and 
in support to experimental studies, specially to the EGYTOR. The 
program of the group is based on the excellent and weIl 
established experience in the fields of nonlinear phenomena 
in plasmas, laser and beam-plasma interactions, RF plasma heating 
and instabilities, plasma equilibrlum and wall plasma Interactions. 
The main goals of the future program are 
(a) to get familiar of the tokamak physlcs. 
(b) transport phenomena and edge physics problems. 
(c) advanced nonlinear plasma theory development. 
A plasma simulation group has been formed and their actlvity 
has been started . 
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Low Temperature Plasma Research a t universities 
by 
J. Uhl e nbus ch 
The personal and financial situation at most universities 
particularly promotes all kinds of theoretical and experimental 
investigations in the field of low temperature plasma physics. 
Such experiments are often relatively small and cheap and can be 
operated by a few students. The catalogue containing possible 
experiments is very voluminous and the selection given below is by 
far not complete. It is obvious that each decade favours its own 
type of experiments. 
The fifties and sixties were characterized by treatments of 
steady are discharges with emphasis on the thermal equilibrium 
plasma state. Reliable experimental plasma data could be achieved 
by quantitative spectroscopy, e.g. f values, broadening parameters 
etc .. With similar objective experiments with z - and e - pinches 
were performed. The results of these investigations led to a 
thorough understanding of MHD phenomena and instabilities. In 
practice, these discharges were of high importance to understand 
the plasma state of circuit breakers, light sourees, heat sourees, 
welding ares, plasma chemical reactors, spraying devices etc .. The 
invention and fast spreading of gas lasers triggered at that time 
a very updated and extended study of glow discharges. All these 
research activities were successfully assisted by the computer 
technique developing quickly in those days. 
The improvement of data acquisition technique and fast online 
data evaluation in the seventies led to intensified research pro-
grams in the field of pulsed HF and microwave discharges. A lot of 
experiments (magnetized hollow cathode discharge, reflex ares, Q 
machines) were also started for better understanding of wave 
phenomena and plasma- wall interaction processes in tokamaks. 
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The eighties and early nineties are governed by the low 
pressure and non-thermal cold plasma technology. These plasmas are 
used to deposit materials for applications in microelectronics, 
optoelectronics and microsystems . In between those experiments are 
attempts to produce photovoltaic eomponents, deeorative eoatings 
and polymers. Proper control of plasma etching processes is urgent 
for the produetion of mier ostructures. Of similiar importanee is 
the conditioning of surfaces by the plasma, e.g. eleaning, acti-
vating of polymers, sterilisation, nitriding. Beside surface in-
duced chemistry new volume synthesis and reaetion paths are 
studied. One expects an enlarged impetus of these teehniques on 
environmental problems. Types of discharges deteeted in the past 
as the silent discharge or barrier discharge, are now used to 
r emove toxie gases. Finally, laser produeed plasmas, often ealled 
optical diseharges, are applied in advaneed experiments to produce 
XUV and even soft x- ray laser pulses. Parallel to these programs 
var ious types of discharges are used to determine data fo r 
elementary eollisional and radiative plasma proeesses and atomic 
data. Lasers are more and more envolved for improved plasma 
diagnostic applieations as LIF, Thomson seattering, CARS, REMPI 
etc . . 
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